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Abstract 
 
The subject of this work is to develop a novel technique for on-site identification of 
elemental composition of deep-sea water. In the present study, a systematic analysis of the 
microplasma discharge in sea water and optical emission spectra of the plasma is presented 
in order to develop compact device for on-site measurements. Recently marine resources are 
taking a lot of attention owing to their growing role in sustainable development. Growing 
interest to exploration of marine resources and numerous studies on ecology and 
biochemistry are requiring high precision analysis of sea water. Development of the compact 
analytical tool could be essential for noted above studies and could make measurements 
faster and cheaper. 
In the first part of the thesis, microplasma discharge in sea water was investigated using 
a needle-to-plane electrode system with various types of needle electrodes and insulation. A 
needle-to-plane electrode system was placed with a gap of 10-50 µm in the artificial or 
natural sea water. A pulse current source, consisting of a MOSFET switch, a capacitance 
and inductance was used. The sea water between the electrodes performed as resistance for 
the current source circuit. The circuit parameters were optimized to decrease the breakdown 
voltage and the microplasma discharge duration to suppress erosion of the electrodes. Using 
a microgap configuration, micro-arc discharges were reproducibly ignited in the highly 
conductive sea water at low breakdown voltages below 1 kV. The ignition of micro-arc 
discharges required not only a critical voltage sufficient for breakdown, but also a critical 
energy for pre-heating of the sea water, sufficient for bubble formation. In order to 
significantly decrease the current dispersing into the surrounding water, and to enable more 
accurate investigation of the pre-heating and bubble formation processes before the 
breakdown, the side face of needle electrode was insulated. For the first time, it was 
confirmed that the microplasma discharge was ignited after formation of bubble of a size 
sufficient to cover entire discharge gap between the electrodes. Influence of the needle 
electrode insulation on the microplasma discharge parameters was investigated. 
Mathematical model was developed for more detailed analysis of the discharge process. The 
modelling showed good agreement with experimental results and confirmed that the needle 
electrode could be reused for generation of reproducible micro-arc discharges even after 
erosion caused by the arc by precise tuning the working gap length. Moreover, it was 
confirmed that the shape of the needle electrodes tip does not affect the measurement of 
optical emission spectra while, in the case of damaged needle electrode, it required further 
precise focusing and arrangement of the lens. Possibility of use of damaged needle electrodes 
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could be essential for development of durable measurement tools for on-site analysis of 
deep-sea water. 
In the second part of the thesis, possibility of atomic emission spectroscopy of micro-
arc discharges operated in sea water for elemental composition analysis has been studied. 
The discharge process and optical emission spectra from micro-arc discharges have been 
analyzed in three types of liquid, namely artificial sea water composed of 10 main 
components, reference solutions each containing a single component, and naturally sampled 
deep sea water. Micro-arc discharges were operated under low breakdown voltage using the 
needle-to-plane electrode system immersed into each liquid in a quartz cuvette. In the spectra, 
the emission peaks for the main components of sea water and contaminants from the 
electrodes were detected. Owing to the complex composition of sea water, spectra from 
discharges in reference solutions were compared for assignment of the emission peaks. The 
proposed method showed good potential for detection of Fe and other metals in sea water. 
Using the present setup, it was possible to detect Fe impurities at a concentration of 300 ppm. 
To study the effect of materials of the electrodes on the optical emission spectra and plasma 
parameters, three types of needle electrodes were used. Effect of the experimental conditions 
on measured optical emission spectra was studied, and applicability of proposed method for 
on-site composition analysis was confirmed. The plasma parameters of electron temperature 
and electron density in the micro-arc discharge were also investigated by analysis of 
broadening of Hydrogen atomic emission peaks.  
In the third part, micro-arc discharges generated in sea water at high pressure were 
investigated. For generation of micro-arc discharges, electrodes were introduced into a high 
pressure chamber and a current pulse was supplied by the same pulse current source as for 
the atmospheric pressure case. By using pin-to-pin electrodes system, micro-arc discharges 
were successfully generated in highly conductive sea water at high pressure up to 17.5 MPa 
for the first time. Analysis of current and voltage waveforms showed that micro-arc 
discharge process at high pressure was same to the atmospheric pressure case and could be 
divided into three phases; pre-heating, micro-arc discharge and subsequent oscillation. A 
difference to atmospheric pressure was increase of power consumption during pre-heating 
phase with increase of pressure. Use of pin-to-pin electrode system with insulation of side 
faces allowed us to generate micro-arc discharges with relatively low energy even at high 
pressure due to concentration of strong electric field between the electrodes with a small 
volume. Due to erosion of the electrodes caused by high current during the discharge, 
however, repetition number of reproducible discharges using same electrodes was limited 
below 30. A rod-to-rod electrode system consisting of two parallel metal rods aligned with 
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a small gap was developed instead. In the case of rod-to-rod electrode system, due to increase 
of the surface of the facing electrodes, local erosion caused by high current does not have 
significant impact on the reproducibility of the discharges while the energy increased by 
30% compared to the pin-to-pin electrode system due to increased volume between the 
electrodes in the gap. By using the rod-to-rod electrode system, it was succeeded to generate 
reproducible micro-arc discharges at high pressures up to 19 MPa due to improved durability 
of the electrodes. The reproducible discharge enabled to analyze the effect of pressure on the 
power consumption during pre-heating phase. It has been confirmed, that increase of 
pressure results in increase of power required for pre-heating phase. It was evaluated that 
preheating energy at 19 MPa was seven times larger than for the atmospheric pressure case. 
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Chapter 1. Introduction 
1.1 Background 
Currently there is continuous contamination of available water resources by industry 
and agriculture, which makes pollution control and ecological monitoring necessary for 
saving water resources. On the other hand, marine resources are taking growing role in the 
sustainable development of industry. With the growing needs in industrial resources there is 
significant interest in new sources of materials that can meet the growing demands of the 
industry. The problem of limited resources available for industry can be solved partially by 
use of marine resources and underwater deposits [1–4]. There are many researches, 
dedicated to exploration and use of marine resources; however, due to numerous possible 
applications and huge amount of water under various condition (temperature, pressure, 
elemental composition), precise analysis of sea water is complicated [5–8]. In both cases, 
for the exploration of marine resources and ecological monitoring, a high precision analysis 
of sea water is required. Moreover, detection of trace amounts of Fe and other metals in sea 
water is an important topic owing to numerous marine biochemical studies being conducted, 
such as growth of phytoplankton, chlorophyll production, and nutrition of marine 
microorganisms. Complex composition of sea water results in problems with identification 
and separation of the elements (sometimes at low concentrations), which makes composition 
analysis complicated [5–10].  
1.2 Motivation and research issue 
There are many methods of determining of the composition of sea water, such as 
inductively coupled plasma (ICP) mass spectroscopy of sprayed liquid and optical 
absorption spectroscopy of examined liquid. However, most of these methods are operated 
in laboratories in specialized locations, require large equipment (depending on the accuracy 
of measurements, the sizes of laboratory devices can vary from a table top to a room), 
sampling of water, transport of the samples and sometimes special preparation of the samples 
before the measurements. The necessity of sampling, long time of analysis, usage of complex 
equipment and high power consumption makes elemental composition analysis of deep sea 
water using noted methods complicated, long and costly [5–16]. Most perspective way to 
solve stated above problems is development of a diagnostic tools which can provide rapid 
on-site elemental composition analysis and contaminants detection. However, on-site 
identification of elemental composition of natural deep sea water is still challenging [12–
15,17–19]. 
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One of the promising methods to identify elemental composition of water is a spectral 
analysis of different types of plasmas generated in examined liquid. Plasmas generated in 
dielectric and low conductivity liquids and plasmas that come in contact with the liquid are 
studied extensively and are already used in various applications such as water treatment, 
medicine, nanoparticles formation etc. However, in the case of highly conductive sea water, 
operation of reproducible plasma discharges directly in liquid is extremely difficult. One of 
the reasons for that is the main mechanism of plasma discharges in highly conductive liquids. 
High conductivity of the liquid results in high electric currents through the liquid during the 
discharge causing Joule heating and local boiling. Upon the formation of vapor bubbles 
electrical breakdown initiates in a gaseous medium. Conventional systems for generating 
plasma discharges in water require high voltages (1-100 kV). Necessity in usage of high 
voltage power supply and complex control units makes development of compact tool for on-
site measurements problematic. One of the ways to solve the problem of size is the use of 
microplasma discharges, which enables the operation of discharges using a compact setup 
[6,12,13,17–45]. 
There are many ways to generate microplasmas in highly conductive liquids, such as 
electrolyte cathode and liquid electrode plasma (LEP), which allows to operate discharges 
under low voltages (less than 1 kV). Moreover, there are already designed prototypes of on-
chip devices for compositional analysis and impurity detection. However, in cases of use of 
liquid electrodes there are limitations related to adjustment of the discharge gap, generation 
of the microplasma in liquids with different conductivity, and problems with carrying out 
experiments in liquid under high pressure [13–15,18,33]. The above-mentioned problems 
could be solved using electrode system with precisely controlled microgap [18].  
Promising approach for the development of compact tool for on-site measurements is 
use of needle-to-plane or needle-to-needle electrode system with precise micromanipulator, 
owing to possibility of adjustment of the discharge gap before each discharge. Recent 
research shows that in the case of microgaps, plasma discharges can be reproducibly ignited 
in different types of conductive liquids, by applying low voltages to the electrodes. 
Microplasmas generated using low voltages could be potentially applied to on-site 
measurements in sea water and elemental composition analysis. For that purpose, atomic 
emission spectroscopy of short (1-100 µs) microplasma discharges has a big potential, due 
to its small energy consumption and simple discharge setup. Moreover, usage of micro-arc 
discharges is perspective for on-site analysis of deep sea water (1 km and more depth), owing 
to the increase of optical emission intensity of the arc discharges with increase of pressure. 
On the other hand, in the available research resources there is almost no information about 
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micro-arc discharges generated in highly-conductive liquids at high pressure, and it is 
important from the scientific point of view to understand the discharge process and perform 
precise study of it [4,5,8,13–19,46–52]. 
1.3 Research objectives 
The main objective of this dissertation is development of the analytical method for on-
site elemental composition analysis of deep sea water. For that purpose, atomic emission 
spectroscopy of micro-arc discharges in deep sea water is utilized. For development of the 
analytical method it is important to perform the following studies: 
• Investigation of the micro-arc discharge is sea water – understanding of the plasma 
generation mechanism, study of effect of experimental conditions on plasma 
parameters, reproducible generation of the plasma and optimized parameters for 
reproducible discharge. 
• Investigation of the optical emission spectra – analysis of the effect of the 
experimental conditions on recorded OES, reproducibility of measurements, analysis 
of plasma parameters using OES, elemental composition analysis of the liquid using 
OES 
• Investigation of the micro-arc discharge is sea water at high pressure – understanding 
of the phenomena and plasma generation mechanism, study of effect of experimental 
conditions on plasma parameters, reproducible generation of the plasma and 
optimized parameters for reproducible discharge. 
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Chapter 2. Research background 
2.1 Plasma 
Plasma is partially or fully ionized gas, formed by neutral atoms (or molecules) and 
charged particles (ions and electrons). One of important features of plasma is quasineutrality, 
which means that volume concentration of positive and negative charged particles, which 
are forming plasma, are almost same. Gas turns to plasma if some of gas atoms (or 
molecules) will lose one or more electrons owing to some external impact. Due to 
interactions in the plasma, negative ions could be formed by attachment of electrodes. If no 
neutral particles remained in the gas, plasma is called fully ionized [53].  
There is no significant border between plasma and gas. Any solid material with increase 
of temperature starts to melt and finally evaporates (turns to the gas phase). In the case of 
molecular gas (H2, N2), with further increase of temperature gas molecules start to dissociate 
to single atoms. Further increase of temperature will cause formation of positive ions and 
free electrons and gas will become ionized. The process of formation of the plasma by 
introducing more energy to observed system is presented on Figure 2.1. Free electrons can 
easily move in the medium causing electric current, that’s why plasma is also called 
“conductive gas” [53]. 
 
 
Figure 2.1. Formation of the plasma with increase of the temperature. 
Plasma follows most of the principles of the gas physics; however, in some of the cases 
it acts different. One of the biggest differences in behavior of plasma, comparing to gases, 
could be observed when plasma interacts with electric or magnetic field, which could be 
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explained by existence of charged particles in the plasma. Due to extraordinary behavior of 
plasmas in electric and magnetic fields, plasma is also called 4th state of matter. For the first 
time phenomena of plasma was discovered by William Crookes in 1879. During the study 
of the electric discharges in glass tubes filled with low pressure air he wrote: “Phenomena 
in pumped pipes open up for a physical science a new world in which matter can exist in the 
fourth state”. The term "plasma" for quasineutral ionized gas was introduced by American 
physicists Langmuir and Tonks in 1923 when they were describing phenomena in a gas 
discharge. In his article published in the Proceedings of the National Academy of Sciences 
in 1928, he wrote: “Except near the electrodes, where there are sheaths containing very few 
electrons, the ionized gas contains ions and electrons in about equal numbers so that the 
resultant space charge is very small. We shall use the name plasma to describe this region 
containing balanced charges of ions and electrons.” Until then, the word "plasma" was used 
only by physiologists and denoted a colorless liquid component of blood, milk or living 
tissues; however, soon the concept of "plasma" became firmly established in the 
international physical dictionary and received the widest distribution [53]. 
Recently plasma technologies are widely used in various fields and having huge impact 
in our daily lives. Almost all microelectronic devices are produced using plasma processes 
(plasma-based deposition and etching). Plasma technologies are taking growing role in 
biomedical sector in such applications as plasma coating (coating of prostheses, such as 
artificial hips or knee), sterilization of equipment by plasma, plasma treatment of drugs and 
plasma medicine (treatment of cancer and wounds by non-thermal plasmas). 
2.2 Generation of plasma 
The way to create a plasma by ordinary heating of the substance, which was described 
above, is not the most common. To get a thermal ionization of most gases, it is necessary to 
heat the gas to temperatures of tens and even hundreds of thousands of degrees. Only in 
vapors of alkali metals (such as potassium, sodium or cesium), the electrical conductivity of 
the gas can be observed already at 2000-3000 °C. This phenomenon could be explained by 
the fact that in the atoms of monovalent alkali metals the outer state of electron is much less 
bounded with the nucleus (has a lower ionization energy), comparing to the atoms of other 
elements of the periodic system of elements. In such gases at the temperatures indicated 
above, the number of particles with energy above the ionization point is sufficient to create 
a weakly ionized plasma. 
A common method of obtaining plasma in laboratory conditions and technology is the 
use of an electric gas discharge. For formation of the gas discharge, two electrodes should 
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be connected to DC power source and placed inside the glass tube, which could be filled by 
various gasses under various pressure. This simple device is already used for more than 150 
years and allows to generate various types of plasma. Current and voltage characteristics of 
the discharge generated in neon gas at 1 Torr pressure between flat electrodes placed with 
the gap of 50 cm are presented in Figure 2.2. 
After application of small voltage (10-50 V) to the discharge gap, no visible effect 
could be observed in the gas. However, very sensitive measurement devices could detect 
very small electric current (about 10-15 A) passing through the gap. It could be explained by 
existence of charged particles in the gas formed by natural sources of radiation (e.g. cosmic 
rays). Charged particles are moving under effect of electric field generating electric current. 
Generation of charged particles in the discharge gap could be stimulated by external x-ray 
or radioactive radiation resulting in increase of current up to 10-6 A; however, ionization rate 
in this case is still not enough for emission of light from the gas. In this case discharge is 
formed only due to external ionization sources or due to emission of electrons and ions from 
the electrodes (for example thermal electron emission from cathode). Such a discharge 
maintained by external sources is called non-self-sustaining discharge (Figure 2.2, region A-
B). With increase of voltage, current increases owing to increase of amount of charged 
particles which can reach electrodes before recombination. However, at some point current 
saturates (point B on Figure 2.2), due to limitation of ionization rate. With further increase 
of voltage, after acceleration in the electric field electron reaches enough energy to liberate 
new free electron after a random collision. The original ionization event liberates one 
electron, and each subsequent collision liberates a further electron, causing so-called cascade 
multiplication of carriers or avalanche multiplication. This type of discharge is called 
the Townsend discharge or Townsend avalanche and corresponds to the B-D region on the 
Figure 2.2. The A-D region in Figure 2.2 is called a dark discharge. There is some ionization 
in this type of discharge, but the current is below 10 microamperes and there is no significant 
amount of radiation produced [53]. 
With further increase of voltage, at some point current starts to grow rapidly and 
emission of the light from gas could be observed. This is called breakdown of the gas, which 
is one of most important processes in the gas discharges. After breakdown, discharge transits 
to normal glow discharge and becomes self-sustaining. In the Figure 2.2 region D-F 
corresponds to the breakdown and transition to normal glow discharge and region G 
corresponds to normal glow discharge [53–55]. 
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Figure 2.2. Voltage versus current characteristics for neon gas at 1 Torr pressure 
between flat electrodes spaced 50 cm. A: random pulses caused by cosmic radiation, B: 
saturation of the current, C: avalanche Townsend discharge, D: self-sustained Townsend 
discharge, E: unstable region (corona discharge), F: sub-normal glow discharge, G: 
normal glow discharge, H: abnormal glow discharge, I: unstable region of glow-arc 
transition, J-K: electric arc. 
In a glow discharge, the carrier generation process reaches a point where the average 
electron leaving the cathode allows another electron to leave the cathode. For example, the 
average electron may cause dozens of ionizing collisions via the Townsend avalanche; the 
resulting positive ions head toward the cathode, and a fraction of those that cause collisions 
with the cathode will dislodge an electron by secondary emission. In this way, electrons 
multiply in the discharge and establish a steady-state current. Typically, the glow discharge 
is characterized by low currents (10-6-10-1 A) and relatively high voltages (hundreds or 
thousands of volts). Mostly in entire discharge volume (excluding sheath next to the 
electrodes) ionized gas is electroneutral. In glow discharge plasma is weakly ionized 
(ionization degree 10-8-10-6) and not equilibrium. Electrons are having average energies of 
about 1 eV (104 K), when temperature of gas and ions is close to normal temperature (300 
K). In the glow discharge emission of light is produced by excitation of atoms. Once excited, 
atoms will lose their energy and one of the various ways that this energy can be lost is 
radiation, which means that a photon is released to carry the exceed energy away. In optical 
atomic emission spectroscopy, the wavelength of this photon can be used to determine the 
identity of the atom and the number of photons is directly proportional to the concentration 
of that element in the sample [53–55]. 
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With further increase of voltage, current density starts to increase rapidly (abnormal 
glow discharge, Figure 2.2 region H-I) and if gas pressure is sufficient and resistivity of 
electric circuit is low enough to carry high current, glow discharge will transit to the arc 
discharge (Figure 2.2 region I-J). Typically, the arc discharge is characterized by high 
currents (more than 1 A) and low voltages (tens of volts) and high pressure of the gas 
comparing to glow discharge. During the arc discharge plasma is concentrated in a narrow 
channel along the center of the tube and a great amount of radiation is produced. In the case 
of arc discharge, on the contrary to glow discharge, plasma is equilibrium and highly ionized 
(typically 100%, but at least 5%). Electrons and heavy species are having similar energies 
from 1 to 2 eV (from 10000 to 20000 K). Moreover, high electron densities (~ 1023 m-3) are 
typical for arc discharges and plasma is dominated by collisions [20,26,48,56–58]. 
Comparison of typical electron densities and temperatures for variable types of plasma are 
presented in Figure 2.3. 
 
 
Figure 2.3. Electron temerature and dencity depending on the type of the plasma. 
Due to high temperature of gas and high electron density arc discharges and other 
thermal plasmas could generate high power fluxes and high fluxes of reactive species, which 
is widely used in manufacturing and other industries. On the other hand, strong radiative 
emission of the arc is widely used in production of light sources and atomic emission 
spectroscopy measurements  
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2.3 Plasma in liquids and in contact with liquid 
Recently interest to plasma discharges generated in liquids is rapidly growing owing to 
the potential applications in various biological, environmental, and medical technologies. 
For example, electric breakdown is developed as a nonchemical method for biofouling 
removal and contaminant abatement in water, with a potential for extension into a wide range 
of other water treatment applications. Plasma methods that effectively combine the 
contributions of ultraviolet (UV) radiation, active chemicals, and high electric fields can be 
considered as an alternative to conventional water treatment methods. However, knowledge 
of the electric breakdown of liquids has not kept pace with this increasing interest, mostly 
due to the complexity of phenomena related to the plasma breakdown process [37,47,51,59]. 
Generally, plasmas which are interacting with liquids could be separated into two types: 
plasmas which come in contact with liquid and plasmas generated directly in liquid. 
In the first case of plasmas in contact with liquid, plasma is generated in gaseous 
medium and interacts with liquid. Due to generation of plasma in the gaseous medium, there 
is no significant difference between this type of plasma and convenient plasmas generated 
in gaseous medium. Considering fact, that plasma discharges in gaseous medium were 
studied extensively for more than 100 years and plasma phenomena and generation process 
are well known and described in numerous works, recent researches are mostly focused on 
the plasma-liquid interaction and the effect of plasma on the liquid. Plasmas in contact with 
liquid are already widely used in water treatment, sterilization and other biomedical 
applications.  
On the other hand, plasmas generated directly in liquids are still not studied completely 
due to complicated mechanism of generation of the plasma. Historically, plasmas in liquids 
were studied mostly by electrical engineering community for pulsed power applications and 
high voltage insulation. Dielectric liquids with high dielectric constant have been widely 
used as insulating media for high voltage systems, owing to higher dielectric constant of 
liquids comparing to gases. However, recently there is increasing interest in plasma 
discharges generated in liquid, which is mostly related to its potential applications for 
various biological, environmental, and medical technologies. Moreover, plasmas in liquids 
are already widely used in various applications such as degradation of emerging 
contaminants in wastewater and drinking water, nanomaterials synthesis, plasma medicine, 
and even sensing and composition measurements. Another application is use of plasma as 
an etching tool for the removal of biological tissues. A plasma scalpel in saline solution is 
able to etch flesh and clean wounds during surgery and is close to widespread practical use. 
In these applications, it is important to understand the mechanism and dynamics of the 
 10 
electric breakdown process in liquids, for that reason it is important to complete the study of 
the plasma discharges in liquids, which could be generated various possible conditions 
[36,37,40,51,59–65].  
Electrical discharges in liquid are usually divided into partial and full discharges. In the 
case of partial discharge, plasma discharge is not reaching second electrode. Partial 
discharge is also called pulsed corona discharge, and branches of this type of discharge are 
called streamers (in analogy with the plasma discharges generated in the gas phase). In the 
partial discharge, the current is transferred by slow ions, producing corona-like discharges 
(i.e., non-thermal plasma). However, the phenomena of the partial discharges in liquids and 
the mechanism of streamer formation are much less understood comparing to discharges in 
the gas phase; moreover, sometimes partial discharges in liquids could be completely 
different from those for discharges in gases. If a streamer reaches the opposite electrode, it 
makes a conductive channel between the two electrodes and in this case,  discharge is usually 
called a full discharge. Furthermore, if the current through the full discharge is high (above 
1 A), it is called an arc discharge. While arc discharge is usually continuous, the transient 
phase of the arc discharge is referred to as a pulsed spark discharge. For generation of partial 
or full electrical discharges in liquid with low conductivity, pulsed high-voltage (from tens 
kilovolts to megavolts) power supply with a voltage rise time shorter than the Maxwellian 
relaxation time of the liquid is typically used. High electric field strength can usually be 
achieved by using needle electrodes with sharp tips, from which electric discharges in water 
usually start. Owing to history of applications described above, discharges in liquids with 
low conductivity are studied much better than discharges in highly-conductive liquids. One 
more reason for that is change in mechanism of the formation of the discharge. In the case 
of highly conductive liquid usually breakdown could be considered as sequence of a bubble 
formation process and electronic process within the bubble. The bubble formation process 
starts from a microbubble formed by the vaporization of liquid from local heating in the 
strong electric field region at the inter-electrode gap. As the bubble grows, an electrical 
breakdown subsequently takes place within the bubble. In this case, a cavitation mechanism 
is taking a key role in the plasma discharge formation [18,28,31,34,36–38,41,42,63,66–69]. 
Moreover, for a case of a liquid with a high electrical conductivity, a larger discharge 
current flows, resulting in shortening of the streamer length due to the faster compensation 
of the space charge electric fields on the head of the streamer. Subsequently, a higher power 
density (i.e., a higher plasma density) in the channel is obtained, resulting in a higher plasma 
temperature, higher UV radiation, and the generation of acoustic waves. In the full 
discharges, such as arc or spark, the current is transferred by electrons. The high current 
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heats a small volume of plasma in the gap between the two electrodes generating a 
quasithermal plasma with the temperatures of electrons and heavy particles almost equal. 
There are many experimental conditions which can change mechanism of formation of the 
discharge and type of plasma. Most important ones are electrical parameters which are 
usually defined by the electrical circuit and inter-electrode gap length. Order of the inter 
electrode gap length could also change mechanism of the discharge dramatically and provide 
new requirements to the electrical circuit. Change of the structure of generated in liquid 
plasma depending on the inter-electrode gap is presented on Figure 2.4 [18,28,31,33–
36,42,44,64,65,67–71]. 
 
   
(a) (b) (c) 
Figure 2.4. Structure of the plasma in liquid for the inter-electrode gap distance in order 
of (a) millimeters, (b) microns and (c) nanometers. 
It could be observed, that in case of the inter-electrode gap in order of millimeters or 
greater, mostly bush-like plasma is observed, when in the case of microgaps (several microns 
or tens of microns) plasma structure is mostly filamentary. Moreover, in the case of gaps of 
nanometer scale, structure of plasma is still not studied well. Recently, microplasmas are 
taking growing interest due to possibility of development of compact devices for diagnostics 
of liquids, nanoparticles formation and modification of the liquid. One of promising 
applications is use of atomic emission spectroscopy of microplasmas generated in highly 
conductive sea water for elemental composition analysis and impurities detection. However, 
microplasmas in highly conductive liquids, such as sea water, are poorly studies (especially 
in sea water under high pressure). Therefore, more detailed study of microplasma discharges 
in sea water and deep sea water is required for development of compact analytical tools. 
2.4 Composition analysis of sea water 
In the case of sea water, complex composition of sea water is a main problem related to 
elemental composition analysis and impurities detection. Owing to big number of 
components (including chemically reactive ones) in various concentrations, composition 
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analysis of sea water is typically performed in laboratory conditions on specialized 
equipment. 
2.4.1 Laboratory methods 
Inductively coupled plasma mass spectrometry (ICP-MS) is a type of mass spectrometry 
where the sample is ionized with inductively coupled plasma and then introduced in a mass 
spectrometer to separate and quantify ions. Schematic of the ICP-MS is presented on the 
Figure 2.5. 
 
 
Figure 2.5. Schematic of the ICP-MS device. 
Using ICP-MS it is possible to detect metals and several non-metals at in such a low 
concentration as one part in 1015 (part per quadrillion, ppq) on non-interfered low-
background isotopes. This is achieved by ionizing the sample with inductively coupled 
plasma and then using a quadrupole mass spectrometer to separate and quantify those ions. 
Main advantage of the ICP-NS method is extremely high accuracy; however, analysis could 
be performed only in laboratory conditions and require sampling. Moreover, depending on 
the type analyzed material, it could require special preparation of the sample and it is 
impossible to study some types of solid materials. Despite the high accuracy of the method, 
requirement of sampling and transport of the samples makes analysis of deep sea water long 
and complicated using ICP-MS [16,29,49,72,73]. 
One of other common technics of composition analysis is laser induced breakdown 
spectroscopy (LIBS). Atomic emission spectroscopy of laser spark at the surface of the 
sample (or in the gas, depending on type of the sample) is used in this method. Schematic of 
the LIBS device is presented on Figure 2.6. Laser spark is formed by irradiation of the sample 
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by laser beam. A very hot plasma is formed in a laser spark (up to 40000 K at electron 
concentrations up to ~ 1018 cm-3). In this case, the plasma of the flame extracted from 
completely different samples often has similar characteristics, which is good for analysis of 
various samples. Main advantage of the LIBS method, comparing to ICP-MS, is possibility 
to work with any type of samples without special preparation; however, detection limits of 
this method are relatively low (order of ppm).  
 
 
Figure 2.6. Schematic of the LIBS device. 
In both cases, ICP-MS and LIBS, and in any other laboratory method there is one major 
disadvantage for composition analysis of deep sea water – necessity in sampling and 
transport of the samples. Considering huge amount of water in oceans, analysis of sea water 
in wide areas using laboratory methods will be complicated, slow and costly. Perfect solution 
for that problem will be use of atomic emission spectroscopy of plasmas generated in water, 
which makes possible on-site measurements. 
2.4.2 OES of plasma generated in liquid 
One of the possible ways to detect impurities in water is the spectral analysis of different 
types of plasmas generated in the water examined. In this case, if plasma could be generated 
and analyzed in a liquid, there is no need for sampling and transport of samples, which could 
hasten measurements and reduce the cost. Comparing to laboratory method, OES of plasmas 
in liquids has lower resolution and detection limit (tens of ppm); however, this kind of 
measurements could be performed on-site. Moreover, use of microplasma discharges could 
be generated using compact setup, which looks promising for development of compact 
analytical tools. Considering high requirements to composition analysis accuracy in resent 
biochemical and oceanography research activities, perfect solution will be use of OES of 
microplasmas in deep-sea water for fast analysis and check of target elements, collection of 
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samples at locations where target element was detected by OES of microplasma, and precise 
study of small amounts of collected samples in laboratory conditions. 
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Chapter 3. Methods and experimental 
3.1 Experimental conditions and materials 
Four types of liquid, namely ultrapure water (UPW, electrical conductivity 55 nS/cm at 
25.3°C), naturally sampled deep sea water (DSW, sampled at 374m depth offshore Cape 
Muroto, Japan, electrical conductivity 44.2 mS/cm at 19.8°C), artificial sea water composed 
of 10 main components (10ASW, electrical conductivity 45.1 mS/cm at 20.3°C) and 
reference solutions with ultrapure water each containing a single component from the 
10ASW (1 M NaCl, 1 M MgCl2+H2O, 1 M Na2SO4, 1 M CaCl2, 1 M KCl, 1 M NaHCO3, 
1 M KBr, 1 M NaHCO3, 1 M H3BO3, 1 M SrCl2+H2O, 0.1 M NaF, 0.1 M HCl, 0.25 M 
NaOH) were used for the experiments. Elemental composition of the 10ASW is shown in 
Table 3.1. The main composition of DSW was almost the same as 10ASW; however, natural 
DSW contained small amounts of additional impurities such as NO3, Si, P, Mn, Fe, Cu, Pb 
and Cd. 
Table 3.1. Elemental composition of the 10ASW in grams for 1 kg of water. 
Ingredient Mass (g) 
NaCl 23.939 
MgCl2+6H2O 10.849 
Na2SO4 3.994 
CaCl2 1.123 
KCl 0.667 
NaHCO3 0.196 
KBr 0.098 
H3BO3 0.027 
SrCl2+H2O 0.004 
NaF 0.003 
 
The microplasma discharge was operated using a needle-to-plane, pin-to-pin or rod-to-
rod electrode system immersed in liquid to be examined. A probe needle of high electrical 
conductivity Pd alloy (NPS Inc. P26-10-20 × 1"), a probe needle of high electrical 
conductivity and thermally stable W (NPS Inc. W20-05-10 × 1 ½"), cut of chemically stable 
Pt wire (The Nilaco corp. 99.98%, diameter of 200 µm) or cut of stainless steel wire (Nilaco 
Company SUS304, 0.5 mm in diameter) were used as the needle electrode with the radius 
of the tip varied in a range 4-200 µm. Elemental composition of Pd alloy needle is presented 
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in Table 3.2. As the plate electrode a polished platinum (Pt) plate 15 mm x 15 mm in square 
and 0.5 mm in thickness, was used.  
Table 3.2. Elemental composition of the Pd alloy in percent. 
Ingredient % 
Pd 34.71 
Ag 29.89 
Cu 14.19 
Pt 10.00 
Au 9.90 
Fe 0.02 
Ni 0.01 
 
3.2 Experimental devices 
A pulse current source, consisting of a capacitor (C = 47, 100, 220, 440 and 660 nF), 
inductor (L = 67, 100, 150 and 470 µH) and MOSFET switch was used to supply the 
discharge. 440 and 660 nF capacitors were obtained by parallel connection of 220 nF 
capacitors. Serial numbers of components used in the pulse current source are presented in 
Table 3.3. 
Table 3.3. Serial numbers of used electric parts. 
Component Serial number 
47 nF capacitor ECQE12473KF 
100 nF capacitor ECQE12104KF 
220 nF capacitor ECQE12224KF 
67 µH inductor TCV-670-9A-8026 
100 µH inductor TCV-101-9A-8026 
150 µH inductor TCV-151-9A-8026 
470 µH inductor TCV-471-9A-8026 
MOSFET SCT2080KE 
 
The capacitor was charged through a resistor by a regulated DC power supply to 
resulting voltage in range 100-800 V. The MOSFET switch was closed during the discharge, 
to apply current pulse to the gap between the electrodes. Circuit generated a single pulse 
with current and voltage waveforms depended on the parameters of C, L and the resistance 
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(R) of the liquid between the electrodes. Simplified schematic of the pulse current source is 
presented on Figure 3.1. The voltage and current waveforms were stored in a digital 
oscilloscope using a high voltage probe and a current probe (IWATSU-LeCroy AP015).  
 
 
Figure 3.1. Simplified schematic of pulse current 
source. 
The optical emission spectrum from the plasma was collected using quartz UV lens 
(mid-size collimator 88-181 and focus guide 88-186; Fiberguide Industries Limited) and fed 
into a multi-channel spectrometer (Ocean Optics USB4000, measurements range 200-
850 nm, optical resolution 1.34 nm) through a quartz optical fiber (Ocean Optics P400-1-
SR). The sensitivity of spectrometer and optical fiber was calibrated using Deep-UV 
Deuterium & Tungsten Halogen light source Ocean Optics DH-2000-DUV. Accumulating 
time of the spectrometer was set at 4 ms.  
Optical absorption spectroscopy was operated using a conventional double beam  
UV–vis spectrometer (Hitachi U-3900) with quartz cuvettes (Hellma Analytics 100-QS). 
In order to cover all microplasma discharge process by OES measurements, some 
triggering delays were introduced to the experiments and synchronized to the exposure time 
of the spectroscope (Figure 3.2), resulting in accumulation of the optical emission during the 
entire microplasma discharge. 
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Figure 3.2. Triggering timings: (a) initial trigger produced by pressing the triggering 
button (500 ns TTL output), (b) trigger for running OES measurements (exposure time 
was set at 4 ms, measurements started with 4.5 µs delay after the initial trigger),  
(c) trigger for closing the MOSFET switch and running measurements by oscilloscope 
(duration 500 µs with delay 25 µs from the start of OES measurements),  
(d) voltage waveform of the microplasma discharge on the triggering timescale. 
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Chapter 4. Generation of the micro-arc discharge in highly 
conductive sea water at atmospheric pressure 
4.1 Introduction 
Plasmas in dielectric and low-conductivity liquids are studied extensively and are 
already used in different applications such as water treatment and nanoparticles formation. 
In the case of highly conductive sea water, direct discharges in liquid are extremely difficult 
and the main mechanism of discharges is bubble formation due to Joule heating and plasma 
discharge in a gaseous medium. The bubble formation process in a highly-conductive liquid 
is complex, due to a high current density and large energy loss related to current heating of 
the surrounding liquid, which does not participate in the microplasma discharge. In addition, 
recent research related to plasma formation in the highly-conductive liquids, has been mostly 
carried out using large breakdown voltages (up to 100 KV) and large gaps between the 
electrodes (ranging from several millimeters up to ten centimeters, which is considered to 
be large for microplasma discharge). However, in the case of microplasma generated with 
micro-gaps (several tens of micrometers) between electrodes, the smaller gap the greater 
influence of the bubble formation process and the experimental conditions on the plasma 
generation to such an extent that the reproducibility of the experiments is likely to be 
adversely affected [18,21,28,46,69,74,75].  
There are several approaches to conduct stable process of bubble formation and plasma 
initiation in highly-conductive liquid. One of the possible ways is use of liquid electrode 
plasma (LEP) system. Principle of the LEP method is presented on Figure 4.1. 
 
 
Figure 4.1. Principle of the LEP method. 
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In the LEP method, a discharge chamber, filled with a highly-conductive liquid, is 
separated in two parts by a micro-channel and electrodes are introduced to different parts. 
After applying voltage to the electrodes, LEP configuration allows to concentrate all current 
in the micro-channel, resulting in a local heating of water and the bubble formation. After 
formation of the bubble in the micro-channel, the gap will be filled by vapor, size of the gap 
will be defined by diameter and length of the micro-channel, highly-conductive liquid will 
play role of electrodes. The LEP method helps to solve problems of heating of the 
surrounding liquid and allows to operate discharges under low breakdown voltages (less than 
1 KV). However, in LEP setup plasma causes damage to the micro-channel, resulting in 
change of the channel volume and discharge conditions; moreover, adjustment of gap is 
complicated due to necessity of changing of micro-channel to modify the gap, which limits 
possible applications of LEP configuration. Promising way to set and keep the discharge gap 
is use of the needle-to-plane configuration of electrodes with micromanipulator, due to the 
possibility to set the gap distance before each discharge. In this approach; however, due to 
contact of the entire surface of the electrodes with highly-conductive liquid, significant 
current goes through the surrounding liquid resulting in a large energy loss. Consequently, 
more detailed study of effect of experimental conditions on the discharge, pre-heating and 
bubble formation phases of microplasma discharge in sea water is required for stable low 
voltage (less than 1 KV) plasma generation using the needle-to-plane electrode system [13–
15,17,18]. 
4.2 Objectives 
In this part of the research, investigation of the micro-arc discharge process in highly-
conductive sea water will be presented. To achieve reproducible micro-arc discharges it was 
important to understand mechanism of the discharge, to investigate the effect of the 
experimental conditions on the discharge, and to find optimal conditions for the reproducible 
generation of the discharges. For that purpose, effect of the experimental conditions (value 
of capacitor and inductor used in the circuit, length of the discharge gap, and voltage of the 
charged capacitor) were studied and optimal parameters for reproducible discharges were 
defined. To study the role of bubble formation process in the discharge, various methods of 
the needle electrode insulation were applied. By use of electrodes with various insulation, 
for the first time it was confirmed that the micro-arc discharge was generated only after 
formation of the bubbles, which were covering entire discharge gap. Moreover, to study local 
effects in the discharge gap, mathematical model of pre-heating phase was developed. 
Results of the modelling showed, that reproducible micro-arc discharges could be generated 
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even using damaged by erosion needle electrodes. Further, the applicability of the micro-arc 
discharges to the on-site elemental composition of the sea water is discussed. 
4.3 Experimental end methods 
For the experiments, two types of sea water were used: 10ASW and DSW. A schematic 
of the experimental setup is presented in Figure 4.2. For operation of microplasma discharges, 
the needle-to-plane electrode system was used. The plate electrode was placed on the bottom 
of a quartz cuvette of inner size of 18 mm x 18 mm in which 1 milliliter of 10ASW was fed, 
resulting in 2 mm water depth inside the cuvette due to the surface tension effect. The needle 
electrode was suspended by a micromanipulator, which was used for precise control of the 
gap length. The gap length of 10-40 µm, measured from the position of electrical contact, 
was set using a scale on the micromanipulator.  
 
 
Figure 4.2. Experimental setup. 
Due to high electrical conductivity of sea water, it was necessary to supply a large 
current to obtain a high voltage, required for electrical breakdown with a micro-arc discharge. 
A pulse current source, consisting of a capacitor C = 16, 47, 100, 220 nF, an inductor L = 47, 
100, 150 µH, and a MOSFET switch was used to supply a current pulse. The capacitor was 
charged by a regulated DC power supply through a resistor to resulting voltage of 500-750 V. 
During the discharge, the MOSFET switch was closed, in order to apply a current pulse to 
the gap between the electrodes. The circuit generated a single pulse (over dumping) or 
several dumping oscillations depending on the C, L, and resistance of sea water between the 
electrodes. Current and voltage waveforms of the pulse were dependent on the parameters 
of C, L and the resistance (R) of the 10ASW between the electrodes. The pulse current source 
was manually operated using a single trigger, the MOSFET switch was kept closed for 
100 µs to completely cover all discharge processes. Furthermore, to prevent excessive 
heating of water in the microgap and keep temperature same before each discharge, sufficient 
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intervals (for more than 30 s) between the discharges were applied. In presented experiments, 
a positive pulse was applied to the needle electrode, while the plane electrode was 
electrically grounded. The maximum voltage and current for this setup were 1 kV and 30 A, 
respectively. 
4.4 Typical current & voltage waveforms and effect of circuit elements 
Typical current, voltage, and electrical conductivity waveforms with and without 
microplasma discharge in 10ASW are shown in Figure 4.3. Figure 4.3 (a) shows the typical 
waveforms of voltage and current when a microplasma discharge was not ignited using 
100 µH inductance and a 100 nF capacitor charged to 600V. The voltage and current 
followed the same waveform of dumping oscillation with the peak voltage of 350V and the 
peak current of 15A. The waveform was almost in agreement with the simple calculation 
using a solid resistor instead of sea water, except for a large current region, because of 
magnetic flux saturation of inductance. 
 
  
(a) (b) 
  
(c) (d) 
Figure 4.3. Typical waveforms for (a) current and voltage, (b) evaluated conductivity 
without microplasma discharge, (c) current and voltage, and (d) conductivity with 
microplasma discharge when L = 100 µH and C = 100 nF. 
As shown in Figure 4.3 (b), the electrical conductivity of the sea water between the 
electrodes, which is the ratio of current to voltage, was almost constant at 43 mS (resistance 
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about 23 Ω) even during the discharge without plasma. The evaluated electrical conductance 
between the electrodes was not only for the small volume beneath the needle, but also 
including the whole entire medium surrounding the needle.  
Using the same circuit, when the charged voltage was increased to 610 V, which is over 
the critical value, microplasma generation was observed, as shown in Figure 4.4. Before a 
microplasma discharge, as shown in Figure 4.3 (c), the voltage increased as similarly 
observed for non-plasma discharge until the maximum of 350 V at 3 µs, when the voltage 
abruptly decreased due to formation of the microplasma discharge. During the microplasma 
discharge sustained for 5 µs, the voltage was almost constant at 20 V. Due to the low voltage, 
the microplasma discharge could be explained by the cathode arc discharge scheme. The 
current waveform followed the same trend as the voltage until the ignition of micro-arc 
discharge at 3 µs. After the ignition, however, the current increased further until the peak of 
30 A at 4 µs and then decayed until the termination of micro-arc discharge. After the 
termination of the positive current at 8 µs, the voltage and current turned to negative 
oscillation due to the inversed charge of the capacitor.  
 
 
Figure 4.4. Photograph of the micro-arc in sea water. 
Figure 4.3 (d) shows electrical the conductivity between the electrodes for the micro-
arc discharge. During the micro-arc discharge, the conductance markedly increased due to 
the termination of electrodes by the plasma. Because of the almost constant voltage with 
variation of current during the micro-arc discharge, the conductance waveform almost 
followed to the current waveform. After the termination of micro-arc discharge, the 
conductance quickly recovered to the original value.  
4.4.1 Effect of the capacitor charging voltage and capacitance on I&V waveforms 
To control operation of the micro-arc discharge, it was necessary to understand effect 
of each experimental parameter on the discharge. For that purpose, micro-arc discharges 
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were operated using various voltages when other experimental parameters were kept the 
same. 
Figure 4.5 shows three sets of voltage and current waveforms at different voltages of 
charged capacitor of 700, 750 and 800 V, when L = 47 µH, C = 100 nF and discharge gap 
of 20 µm were kept the same. When the charging voltage was increased from 700 to 800 V, 
the pace of the voltage and current waveforms changes was increased, resulting in faster 
micro-arc discharge ignition and a peak shift of 0.2 µs. Although the peak current was not 
strongly affected by the charging voltage, the decay of the current during micro-arc discharge 
was slightly slow and the total duration of micro-arc discharge was slightly extended. By 
increasing the charging voltage, due to the increase in the electrostatic energy stored in the 
capacitor, the micro-arc discharge was sustained for a bit longer duration. However, there 
was a critical charging voltage required for the ignition of micro-arc discharge. To prevent 
electrodes erosion, it is better to minimize the charging voltage to stable minimum value, to 
decrease the total energy of micro-arc discharge.  
 
 
Figure 4.5. Current and voltage waveforms at various charging voltage of the 
capacitor. 
The effect of the capacitor in the impulse generator on micro-arc discharge was 
examined using a constant inductance L = 47 µH, a constant charging voltage of 650 V and 
discharge gap of 20 µm. Figure 4.6 shows the effect of capacitance (C) on the peak current 
and duration of micro-arc discharge. By increasing capacitance, the peak current and 
discharge duration were increased similarly. It was confirmed that the minimum capacitance 
for reproducible micro-arc discharges under the examined conditions was 15.6 nF. Using the 
minimum capacitance, we reduced the duration of micro-arc discharge to 4 µs and the peak 
current to less than 4 A.  
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Figure 4.6. Effects of capacitance on the peak current and duration of micro-arc 
discharge when L = 47 µH and the charging voltage was 650 V. 
Below the minimum capacitance, no micro-arc discharge was obtained. By decreasing 
the capacitance, the total energy stored in the capacitor became insufficient for the ignition 
of discharge. The results showed that some critical pre-heating energy is required for the 
ignition of micro-arc discharge. They indicate that the pre-heating energy was used for 
bubble formation between the electrodes and that mechanism of microplasma formation is 
bubble breakdown. 
4.4.2 Effect of the inductor on I&V waveforms 
Using the minimum capacitance in the previous experiment, C = 15.6 nF, and the same 
charging voltage of 650 V, we examined the effect of inductance (L) on micro-arc discharge. 
Figure 4.7 shows voltage and current waveforms at inductances of 47, 150, and 330 µH. 
With the increase in the inductance, as expected from circuit calculation, the oscillation 
frequency decreased. Before the ignition of micro-arc discharge, the voltage and current 
increased more slowly; consequently, the micro-arc discharge started later, and the discharge 
duration became longer. 
It was observed, as shown in Figure 4.7 (a), that the micro-arc discharge started late 
after reaching the peaks of voltage and current. The figure clearly shows that the discharge 
ignition is more dependent on the critical energy for pre-heating and bubbles formation than 
on the breakdown voltage, because the breakdown voltage is less lower than the peak voltage. 
After the optimization, using L = 150 µH, C = 15.6 nF, and charging voltage of 650 V, the 
micro-arc discharge could be ignited at a breakdown voltage of 130 V, a peak current of 4 A, 
and the duration for 3 µs which prevent the serious erosion of the electrodes. 
 
50 100 150 200 250
Capacitance (nF)
0
5
10
15
20
25
D
ur
at
io
n 
(µ
s)
0
10
20
30
Pe
ak
 c
ur
re
nt
 (A
)Duration
Peak current
 26 
 
(a) 
 
(b) 
 
(c) 
Figure 4.7. Voltage and current waveforms using the minimum 15.6 nF capacitor and 
the same charging voltage of 650 V at various inductances of (a) 47, (b) 150, and  
(c) 330 µH. 
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From the voltage and current waveforms, it was evaluated, that the joule energy for pre-
heating was in the range from 0.8 to 0.9 mJ for all the experiments, while the micro-arc 
discharge energies were 0.1 mJ for L = 47 µH and 0.2 mJ for L = 150 and 330 µH. In the 
case of 47 µH inductance, when the micro-arc discharge started, a big portion of capacitor 
power was already consumed for pre-heating, resulting only in the decaying phase of power 
was available for the micro-arc discharge. Most of the energy was not used for micro-arc 
discharge plasma but used for pre-heating. For the operation of plasma for optical emission 
spectroscopy, it seems better to supply a sufficient energy during the discharge if the 
electrodes are stable. 
4.5 Insulation of the needle electrode 
High current causes significant energy loss on heating of water, which surrounds 
electrodes and does not participate in the plasma formation process. To avoid the current 
flow through the surrounding water, two types of insulation of the needle electrode were 
applied, as shown in Figure 4.8.  
 
   
(a) (b)  (c) 
Figure 4.8. Needle electrodes (a) without insulation, (b) with insulation by 
heat-shrinking tubing, (c) with insulation by PTFE spray. 
In the case of the original needle electrode without insulation [Figure 4.8. (a)], the entire 
surface of the needle immersed in the water (around 2 mm deep) conducts current, resulting 
in heating of the surrounding liquid by the dispersed current.  
By applying heat-shrinking tubing for insulation of the sides of the needle electrode 
[Figure 4.8 (b)], the length of the open part of the electrode, which contacts with water, could 
be reduced to 500 µm. However, due to inaccuracy of cutting of the edge of heat-shrinking 
tubing, it was difficult to control the length of the open part of the needle electrode, which 
was ranged from 500 to 1000 µm.  
Another method is use of polytetrafluoroethylene (PTFE) spray for insulation of sides 
of the needle electrode, which allows more precise insulation of the needle electrode with 
only tip (50 µm in radius) open, as shown in Figure 4.8 (c). To control the length of part not 
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coated by insulation, tip of the needle electrode was introduced into a soft material using 
micromanipulator and PTFE spray was applied to surface of the needle electrode which 
remained uncovered. 
Current, voltage and electrical conductivity dependencies for microplasma discharges 
generated using needle electrode without insulation were precisely discussed in the Chapter 
4.4. For the comparison of dependencies please refer to the Figure 4.3. 
Typical current and voltage and electrical conductivity, waveforms with and without 
microplasma discharge, in 10ASW, using needle electrode insulated by heat-shrinking 
tubing (length of the open part of the electrode is 700 µm) are shown in Figure 4.9.  
Figure 4.9 (a) shows typical waveforms of voltage and current without microplasma 
discharge using the same circuit with a capacitor charged to 570 V. A significant difference 
appeared in the voltage waveform comparing to the non-insulated needle case. As shown in 
Figure 4.9 (c) the electrical conductivity of the 10ASW between the electrodes, as the 
current/voltage ratio, was relatively constant at 12 mS (R = 83 Ω) for first 2 µs. After that, 
conductivity started to decrease to 7 mS and kept same value till the end of the pulse.  
Based on the observation of the bubble formation process during applying the current 
pulse (Figure 4.10), it can be assumed that decrease of conductivity is caused by bubbles 
formed in the discharge gap. However, in the case of using non-insulated needle electrode, 
there was no noticeable decrease of conductivity during the time of applying the current 
pulse. It can be explained by reduction of the surface of needle electrode that contacts with 
liquid by applying insulation, which increases impact of the bubbles on the contact surface, 
resulting in decreasing of conductance. Using the same circuit and keeping the same water 
level and position of the needle electrode, when the charging voltage was increased to 580 V 
(10 V over the critical value), microplasma discharge plasma was observed. Before a 
microplasma discharge, as shown in Figure 4.9 (b), voltage waveform was approximately 
same to the no microplasma discharge case, until the peak point of 360 V at 3 µs, where 
microplasma discharge was initiated and voltage rapidly decreased, due to the high 
conductivity caused by plasma. During the microplasma discharge, which was sustained for 
8 µs, the voltage of 20 V was relatively constant. The current waveform followed the same 
trend as the voltage, until the ignition of microplasma discharge at 3 µs. After the ignition; 
however, the current started to increase from 4 A, at the moment of breakdown, to the peak 
of 7 A at 4.5 µs and decayed until the termination of microplasma discharge. After the 
termination of the positive current at 11 µs, the voltage and current turned to negative 
oscillation due to the reversed charging of the capacitor. 
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(a) 
 
(b) 
 
(c) 
Figure 4.9. Discharge, operated with insulated by heat-shrinking tubing needle 
electrode, typical waveforms for (a) current and voltage without microplasma discharge, 
(b) current and voltage with microplasma discharge and (c) evaluated conductivity for 
both cases. 
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Figure 4.10. Photo of bubbles, formed during applying of the current 
pulse without microplasma discharge. 
Figure 4.9 (c) shows electrical conductivity between the electrodes during the 
microplasma discharge as the ratio of current and voltage. For first 3 µs, the conductivity 
followed the same trend as the no discharge case. The same reproducible gradual decrease 
of conductivity after first 2 µs of pre-heating phase was detected and can be explained by the 
bubble formation process. It can be concluded that, in the case of microplasma discharge in 
highly conductive 10ASW, discharge happens after formation of bubbles, due to Joule 
heating caused by the current. After the bubble is formed, the discharge is initiated in the gas 
phase. It can be noted that, in this case, the conductivity during microplasma discharge 
follows the similar trend as in the non-insulated needle case. 
To confirm the assumption that microplasma discharge initiates after formation of 
bubbles, the needle electrode with the PTFE spray insulation was used. In this case, only the 
tip of the needle electrode participate in the process and the influence on bubble formation 
should be the most significant.  
Typical current, voltage and electrical conductivity, waveforms with and without 
microplasma discharge, in 10ASW, using needle electrode insulated by the PTFE spray 
(open part of needle electrode is only the tip with a radius of 50 µm) are shown in 
Figure 4.11.  
Figure 4.11 (a) shows waveforms of voltage and current and Figure 4.11 (c) shows 
electrical conductivity of the 10ASW between the electrodes, as the current/voltage ratio, 
without microplasma discharge, using a 100 µH inductance and a 100 nF capacitor charged 
to a voltage of 650 V (it was necessary to use a bigger values of capacitance and voltage to 
generate microplasma discharge, due to significant difference in process, comparing to the 
cases with usage of non-insulated and insulated by heat-shrinking tubing needle electrodes).  
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(a) 
 
(b) 
 
(c) 
Figure 4.11. Discharge, operated with insulated by the PTFE spray needle electrode, 
typical waveforms for (a) current and voltage without microplasma discharge, (b) current 
and voltage with microplasma discharge and (c) evaluated conductivity for both cases. 
Figure 4.11 (b) shows waveforms of voltage and current and Figure 4.11 (c) shows 
electrical conductivity of the 10ASW between the electrodes, as the current/voltage ratio, 
with microplasma discharge (from 67 to 90 µs), using the same experimental conditions. It 
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can be noted, that in the case of insulation of needle electrode by the PTFE spray, the process 
becomes not reproducible. Due to the high impact of the bubble formation process and 
migration of bubbles in the discharge area, electrical parameters of discharge are not stable, 
resulting in affecting reproducibility of experiments. From conductivity plots 
[Figure 4.11 (c)] it can be noted that, after pre-heating phase, conductivity drops to value 
close to 0. This can be explained by filling of all the discharge gap by bubbles, resulting in 
the insulation of needle electrode tip by the vapor. Due to significant change of the resistance 
in the circuit induced by bubble formation and migration processes, the shape of current, 
voltage, and conductivity waveforms may vary in experiments under same conditions. 
It took 35 µs and 25 µs for decreasing of conductivity to almost 0 and breaking circuit 
in the cases for Figure 4.11 (a) and (b) respectively. The difference in time required for 
bubble formation in the cases for Figure 4.11 (a) and (b) resulted in the different voltages 
(200 and 330 V respectively) remaining in the capacitor when the circuit was broken by the 
bubble formation. 
In the case of Figure 4.11 (b), the microplasma discharge was accidently ignited at 67 µs, 
due to initial electrons possibly induced by the cosmic ray, under the voltage sufficient for 
the conventional gas discharge scheme. On the other hand, in the case of Figure 4.11 (a), the 
conductivity started to increase unexpectedly at 86 µs and the circuit started to discharge 
again, because the microgap was partially connected with sea water due to migration of the 
bubble or decrease in the bubble size, resulting in spending all energy remained in capacitor 
on Joule heating of water without microplasma discharge.  
It can be concluded that, the excess localization of the current was not appropriate for 
application due to poor reproducibility of discharge. However, by using of PTFE spray 
coating it was confirmed that in the case of needle-to-plane electrodes configuration, the 
microplasma discharge in highly-conductive liquid is initiated after bubble formation 
process. Moreover, it was clarified that the discharge occurs after formation of the bubble of 
size, sufficient to fill entire discharge gap with vapor. 
Insulation by heat-shrinking tubing caused a significant increase of microplasma 
discharge duration to 8 µs from 4.6 µs for non-insulated needle electrode and a decrease of 
the charging voltage to 580 V from 610 V. 
These results can be explained by reducing the amount of energy, spent on Joule heating 
of surrounding water, by decreasing the side current flow from the needle electrode. Energy 
stored in charged capacitor is spent on four processes during applying the current pulse. The 
first process is pre-heating of water for starting the formation of the bubble, the second 
process is the bubble formation, the third process is sustaining of plasma discharge and the 
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forth is a loss of energy on current flow through bulk water and additional resistance of the 
circuit. 
For non-insulated needle electrode, energy spent on pre-heating phase (first 2.7 µs 
before breakdown) calculated from experimental voltage and current measurements was 
5.4 mJ. In the case of insulated by heat-shrinking tubing needle electrode, under the same 
conditions, it was 2.8 mJ, which was almost half of the non-insulated needle electrode case. 
This excessive energy allowed to increase the duration of microplasma discharge from 4.6 µs 
to 8 µs and reduced total energy spent on the other processes, which decreased the critical 
voltage of capacitor charging from 610 V to 580 V.  
4.6 Erosion of the electrodes 
High current during the discharge causes significant damage of the needle electrode. 
Moreover, migration of the arc spot during the discharge causes relatively uniform erosion 
of the electrode material from the tip of the needle. It results in change of shape of the tip 
from hemispherical (with radius dependent on the used needle) to relatively flat (with area 
dependent of needle angle and length of remained needle). Possible shapes for needle with 
50 µm radius of the tip are presented in Figure 4.12 (a). Figure 4.12 (b) shows typical current 
and voltage waveforms for the microplasma discharge in 10ASW, operated using original 
(not damaged by erosion) and damaged needle electrode, 47 nF capacitor charged to 
resulting voltage of 650 V, 67 µH inductance and gap between the electrodes of 20 µm.  
 
 
 
(a) (b) 
Figure 4.12. (a) Original needle electrode geometry and damaged needle electrodes 
geometries with 70 µm, 100 µm and 110 µm in diameter flat surface of the tip and (b) 
typical current and voltage waveforms for micro-arc discharge in sea water. 
In both cases, discharge process can be separated on three phases: (1) pre-heating phase, 
(2) microplasma discharge, and (3) negative oscillation due to reversed charge on the 
capacitor. During the pre-heating phase, the voltage and current followed the same 
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waveform of a dumping oscillation with the peak voltage of 190 V and peak current of 8 A. 
During the microplasma discharge, sustained for 5.2 µs, the voltage was almost constant at 
20 V and the current increased further until the peak value of 12 A at 2.2 µs to turn for the 
decay until the termination of the plasma. After the termination of the positive current at 
7.2 µs, the voltage and current turned to negative oscillation due to inversed charge of the 
capacitor. 
In previous work it was confirmed that, bubble formation process plays a key role in the 
generation of micro-arc discharge in sea water, and variation in electrodes tip shape should 
have effect on the discharge generation [17,18]. However, from the experiments 
[Figure 4.12 (b)] it could be observed that there was no significant difference in the current 
and voltage waveforms of micro-arc discharges generated using original and damaged 
needle electrode. Considering possible application of the OES spectrometry of microplasma 
arc discharges in sea water for elemental composition analysis, it was necessary to check 
effect of the needle electrodes tip shape on measured optical emission spectra.  
Optical emission spectra for five consistent microplasma discharges operated in 10ASW 
using W needle electrode are presented on Figure 4.13.  
 
 
Figure 4.13. Instability of the measured optical emission spectra. 
The first discharge was generated using original needle electrode, when following 
discharges were generated using needle electrode with modified shape of the tip owing to 
erosion caused by the high discharge current. It can be observed, that intensity of measured 
optical emission for the discharge operated using not damaged needle electrode was much 
stronger comparing to the following discharges. Moreover, during the experiments it was 
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confirmed, that discharges operated using not original needle electrode produced 
reproducible strong intensity of optical emission (some variations were observed due to the 
focusing accuracy and small variation of the discharge duration), when in the case of 
damaged needle electrodes, intensity of the measured optical emission was varied in a wide 
range. 
Considering the same experimental conditions (except the shape of needle electrode tip) 
and current and voltage waveforms, observed instability of intensity of the measured OES 
spectra can be caused by damage of the needle electrode or inaccuracy of focusing system. 
To confirm effect of the focusing system on the measured spectra experiments were 
performed with variable orientation of the lens. Lens was mounted on precise 3d 
micromanipulator, and to focus lens on the discharge gap, light source was connected by 
optical fiber to the lens and focusing was performed using micromanipulator and observation 
of light focused by the lens. In that approach lens was tilt with angle up to 10º to the surface 
of the plate electrode, as it showed on Figure 4.14 (a). 
Due to observation of the discharge gap with some angle to the plate electrode, part of 
the gap was covered by the needle electrode, and emission from the covered part was not 
collected by the lens. Moreover, due to the migration of the arc spot during the discharge, 
optical emission spectra collected by the system depended on position of the arc. In the case 
of original needle electrode, owing to hemispherical shape of the needle tip, depending on 
angle of measurement there was a smaller area covered by the needle, resulting in collecting 
emission from bigger area of the gap and stronger intensity of the measured spectra. Usage 
of not damaged needle electrodes for measurements can solve problem with instability of 
measured intensity; however, it makes OES of microplasma discharges not applicable for 
on-site measurements, owing to necessity in change of the needle before each discharge. 
 
  
(a) (b) 
Figure 4.14. Mounting of lens during measurements (a) with an angle and (b) parallel to 
the plate electrode. 
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That problem can be partially solved by mounting lens parallel to the plate electrode 
during the focusing as presented on Figure 4.14 (b). In that case, it was possible to reduce 
covered by electrodes part of the gap and perform more reproducible measurements. Optical 
emission spectra measured using lens mounted parallel to the pate electrode are presented 
on Figure 4.15.  
 
 
Figure 4.15. Optical emission spectra measured using lens mounted parallel to the 
plate electrode. 
It can be noted, that in this case intensity of the measured optical emission and observed 
peaks were much more reproducible, than in case with tilted lens. Moreover, there was no 
significant difference between measured spectra of first discharge, operated using the 
original needle electrode, and following discharges operated using damaged needle. 
Reproducible spectra enabled averaging of measured optical spectra from several 
microplasma discharges. Example of the spectrum obtained by averaging of five spectra of 
microplasma discharges is presented on Figure 4.15, curve “5 discharges avg”. Averaging 
of the optical emission measurements allowed to reduce signal-to-noise ratio and to obtain 
spectra of higher quality, which can be essential for elemental composition analysis due to 
simplification of assigning of emission peaks. However, due to some instability in the micro-
arc discharge duration, there were still some small variations in measured spectra intensity 
(intensity of the 4th discharge is smaller, comparing to other discharges presented on 
Figure 4.15). 
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4.7 Mathematical modelling 
To analyze the effect of shape of the needle electrodes tip on the pre-heating phase and 
to confirm results observed in the experiments, mathematical model was developed, and 
simulations were performed for variable shapes of the tip. For mathematical modelling of 
the pre-heating phase two geometries of the needle electrode tip were used: original 
hemispheric and damaged with 100 µm in diameter flat surface of the tip [Figure 4.12 (a)]. 
4.7.1 Mathematical model 
Model was solved into two blocks: 
- RLC oscillation model with defined increment in time, which allowed to simulate 
current and voltage waveforms generated by the pulse current source 
- Local process in the discharge gap and surrounding sea water, which allowed to 
observe changes of parameters of the sea water in the discharge area and gave insight of the 
pre-heating phase. 
In the first block for calculation of current and voltage waveforms general equation 
system for RLC oscillator with defined steps in time was used. Switching time of the 
MOSFET was assumed 0 s. 
Current through the circuit for every step in time was estimated using Equation 4.1: I" = I"$% + V(("$%)∆τ L⁄  (4.1) 
Where I"$% and V(("$%)	were current and voltage applied to inductor in previous time 
step, ∆τ  was time increment. Voltage on inductor was calculated by subtraction of the 
voltage applied to the electrodes from the voltage remained in the capacitor. Voltage applied 
to the electrodes for every step in time was calculated using Ohm’s Law: V0" = I"R" (4.2) 
Where R"  was sum of resistance of the circuit and resistance of water between the 
electrodes. Resistance of the circuit was estimated from fitting of the experimental data and 
resistance of water between the electrode was determined from the model of local process 
in the discharge gap as sum of values for each mesh point. 
In the second calculation block for pre-heating phase, calculation of the electric field 
distribution in the discharge gap was performed using the value of voltage applied to the 
electrodes calculated in the previous time step of the RLC oscillation. Examples of calculated 
electric field distributions for original and damaged needle electrodes are presented on 
Figure 4.16 (a) and (b) respectively. 
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(a) (b) 
Figure 4.16. Electric field distribution for the (a) original and (b) damaged needle 
electrode cases. 
It can be noted, that change of shape of the needle electrode tip caused significant 
difference in electric field distribution in the discharge gap; however, electric field in the 
surrounding liquid can be considered the same. 
Current density distribution in the gap was calculated using conductivity values for 
every mesh element from the previous step in time and calculated electric field profile. 
Amount of energy delivered to the liquid by joule heating in every point of the mesh was 
evaluated using current density distribution in the gap and resistivity of each mesh element: dQ = I4Rdt (4.3) 
Temperature profile was calculated using estimated from Equation 4.3 amount of 
energy delivered to each mesh point and temperature distribution in previous step in time, 
considering heat transfer in the liquid: 
c7 ∂T(x;⃗ , t)∂t = ∇(χ∇T(x;⃗ , t)) + q7(x;⃗ , t) (4.4) 
Examples of the temperature profiles calculated using Equation 4.4 for original and 
damaged needle electrodes are presented on Figure 4.17 (a) and (b) respectively.  
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(a) (b) 
Figure 4.17. Temperature profile of sea water for the (a) original and (b) damaged 
needle electrode cases. 
Effect of shape of the needle electrode tip on the temperature profile is similar to effect 
on the electric field distribution and difference between damaged and not damaged needle 
electrode can be observed mostly in the discharge gap. Insignificant difference in the electric 
field and temperature profile was observed due to thermal transfer in the sea water and 
electrodes. Conductivity of liquid for each mesh point was estimated using temperature 
profile and interpolation of tabulated values of conductivity of sea water for different 
temperature. After estimation of conductivity of water for each element of the mesh, total 
resistance of water between the electrodes was estimated and used in the calculation of the 
next step in time of the RLC oscillation block. Similar temperature profile of the surrounding 
liquid resulted in almost same values of the total resistance of water between the electrodes. 
Moreover, there was no significant effect of the needle electrodes tip shape on the bubble 
formation process. 
4.7.2 Results of mathematical modelling 
Calculated in mathematical model and measured from experiments current and voltage 
waveforms during pre-heating phase for original and damaged needle electrode are presented 
in Figure 4.18.  
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(a) (b) 
  
(c) (d) 
Figure 4.18. Experimental data and results of mathematical modelling of pre-
heating phase for (a) voltage applied to the electrodes and (b) current using original 
needle electrode, (c) voltage applied to the electrodes and (d) current using 
damaged needle electrode. 
Very good agreement of current and voltage waveforms for pre-heating phase obtained 
from mathematical modelling and experimental data can be observed in both cases with use 
of original [Figure 4.18 (a) and (b)] and damaged [Figure 4.18 (c) and (d)] needle electrodes. 
Moreover, it can be observed, that there was no significant difference in the current and 
voltage waveforms during the pre-heating phase for original and damaged needle electrode. 
Similar results were observed in the experiments [Figure 4.12 (b)], where was no significant 
effect of the tip shape on current and voltage waveforms. That effect can be explained by 
high conductivity of sea water. Due to high conductivity, significant current goes through 
surrounding water which does not participate in the plasma generation process. Effects of 
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the needle electrode’s tip geometry on the local processes in the discharge gap, observed in 
the modelling results, were compensated by the current in the surrounding liquid. 
Considering good correlation of experimental data and modelling results it can be concluded, 
that shape of tip of the needle electrode effects only on local process in the discharge gap, 
which has no significant influence on the pre-eating phase. 
It can be concluded, that for operation of micro-arc discharges in highly conductive 
liquids there was no strong effect of shape of tip of the needle electrode on pre-heating phase. 
That phenomena allows to use damaged needle electrodes for operating of discharges, which 
can be essential for conducting on-site measurements due to possibility of carrying out 
measurements without replacement of the electrodes. However, usage of damaged needle 
electrodes introduces more strict requirements to the focusing system in order to collect 
optical emission spectra from entire discharge.  
4.8 Conclusions 
Micro-arc discharge was successfully generated in highly conductive sea water at high 
pressure by applying pulse currents to the needle-to-plane electrodes placed with microgap. 
Custom pulse current source with tunable electric parameters was developed to supply the 
discharge. The microplasma was sustained by the cathode arc mechanism and the breakdown 
was induced not by any critical voltage but by sufficient pre-heating energy delivered during 
discharge. After optimization, the micro-arc plasma was ignited at 130 V, the minimum 
energy for pre-heating of sea water was 0.8 mJ and the minimum energy for the micro-arc 
plasma was 0.1 mJ.  
Two types of insulation of needle electrode were used to study role of the bubble 
formation process. The complete insulation of the side wall of needle electrode was 
successfully achieved by the PTFE spray coating. By using needle electrodes insulated by 
PTFE spray, it was confirmed, that microplasma was initiated after bubble formation. 
Moreover, it was clarified that the discharge occurs after filling of entire discharge gap with 
vapor by bubble. Usage of the heat-shrinking tubing insulation allowed the reduction of 
current flow through the surrounding water, which reduced energy consumption on pre-
heating phase and allowed to obtain breakdown using capacitor charged to smaller voltages 
and finally increased the duration of microplasma discharge. 
Mathematical model of pre-heating phase was developed for investigation of the effect 
of shape of the needle electrodes tip on micro-arc generation process. Mathematical 
modelling results showed good agreement with experimental data. Results of the simulation 
confirmed that the shape of tip of needle electrode effected only on local process in the 
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discharge gap and had no effect on current and voltage waveforms during the pre-heating 
phase. It was confirmed, that there was no effect of the needle electrode’s tip shape on optical 
emission and electrodes could be successfully reused for the measurements. However, usage 
of damaged needle electrodes introduced strict requirements to the focusing system. 
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Chapter 5. Optical emission spectrometry 
5.1 Introduction 
There have been many studies dedicated to the exploration and use of marine resources; 
however, owing to numerous possible applications and huge amount of water presented in 
various conditions (temperature, pressure, elemental composition), the precise analysis of 
sea water is complicated. The complex composition of sea water causes problems in the 
identification and separation of the constituent elements (sometimes at low concentrations), 
which makes composition analysis complicated. There are many methods for determining 
of the composition of sea water, such as the inductively coupled plasma (ICP) mass 
spectroscopy of sprayed liquid and optical absorption spectroscopy of the examined liquid. 
However, most of these methods are performed in laboratories at specialized locations and 
require large equipment (depending on the accuracy of measurements, the sizes of laboratory 
devices can vary from a table top to a room), the sampling of water, sample transport, and 
sometimes special preparation of samples before measurements. The necessity of sampling, 
long time of analysis, usage of complex equipment, and high power consumption make the 
elemental composition analysis of deep sea water using the above-mentioned methods long, 
complicated and as result costly. The most promising way to solve the problems stated above 
is the development of compact diagnostic tools which can provide rapid on-site analysis of 
elemental composition of deep sea water and contaminant detection. However, the on-site 
identification of elemental composition of natural deep sea water is challenging 
[4,9,10,12,14,15,49,72,73].  
One of the promising methods to identify elemental composition of water is a spectral 
analysis of different types of plasmas generated in examined liquid. There are many ways to 
generate microplasmas in highly conductive liquids, such as an electrolyte cathode and liquid 
electrode plasma (LEP), which allow the generation of discharges under low voltages (less 
than 1 kV). Moreover, prototypes of on-chip devices for composition analysis and impurity 
detection have already been developed. However, in the case of LEP on-chip devices, a 
microchannel system is commonly used for the generation of microplasma. The use of a 
microchannel introduces new limitations related to the initiation of discharges in liquids with 
a different electrical conductivity and pressure, in addition to problems with the adjustment 
of the discharge gap. The above-mentioned problems could be solved using an electrode 
system with a precisely controlled microgap. A promising approach for the development of 
a compact tool for on-site measurements is the use of a needle-to-plane or needle-to-needle 
electrode system with a precise micromanipulator owing to the possibility of adjustment of 
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the discharge gap before each discharge. Recent research shows that, use of microgaps 
enables reproducible ignition of plasma discharges by applying low voltages to the 
electrodes, even in the case of conductive liquids. Generation of microplasmas using low 
voltages could be potentially used in development of compact diagnostic tool for on-site 
measurements in sea water and elemental composition analysis. To this end, the atomic 
emission spectroscopy of short (1-100 µs) microplasma discharges is promising because of 
its low energy consumption and simple discharge setup. Moreover, the use of micro-arc 
discharges is promising for the on-site analysis of deep sea water (2 km and more depth) due 
to the increase of intensity of optical emission of the arc discharges with the increase of 
pressure [15,17–19,25,33,53].  
5.2 Objective 
In this part of the research, investigation of the optical emission spectra of micro-arc 
discharges generated in highly-conductive sea water will be reported and applicability of the 
atomic emission spectroscopy of micro-arc discharges to elemental composition analysis of 
sweater will be presented. For that purpose, effect of the experimental conditions (examined 
liquid, materials of the electrodes and electrical parameters of the discharge) on the measured 
optical emission spectra were studied; moreover, reproducibility of measured spectra was 
confirmed and averaging of multiply measurements was performed. Use of reference 
solutions spectra was proposed for elemental composition analysis of sea water by atomic 
emission spectrometry. Using reference solutions method, emission peaks for main 
components of sea water and metal contaminants from the electrodes were clearly assigned 
in the spectra. Moreover, by proposed method Fe contaminants in sea water were 
successfully detected, and for present setup detection limit was 300 ppm. 
5.3 Experimental and methods 
In this chapter for generation of discharges were used 10ASW, DSW, reference 
solutions and ultrapure water. As shown in Figure 5.1, the microplasma discharge was 
generated using a needle-to-plane electrode system placed in a quartz cuvette with inner 
dimensions of 18 mm × 18 mm, in which 1 mL of liquid was introduced, resulting in a water 
depth of 2 mm inside the cuvette owing to the surface tension effect. 
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Figure 5.1. Experimental setup. 
The Pd alloy probe, W probe and Pt wire cut were used as a needle electrode. The needle 
electrode was suspended by a micro manipulator, which was used for precise control of the 
gap length. The gap length of 20-200 µm, measured from the position of electrical contact, 
was set using a scale on the micromanipulator. As the plate electrode, a polished platinum 
(Pt) plate having an area of 15 mm × 15 mm and thickness of 0.5 mm was used.  
A pulse current source, consisting of a capacitor (C = 220, 440 nF), inductor 
(L = 67, 100, 150 µH) and MOSFET switch was used to supply the discharge. The capacitor 
was charged through a resistor by a regulated DC power supply to resulting voltage of 650-
800 V. To reduce erosion of the needle electrode in the cases of Pd alloy and Pt needles, a 
positive pulse was applied to the needle electrode (anode) whereas the plane electrode 
(cathode) was electrically grounded. On the other hand, higher melting temperature of W 
allowed to operate discharge with W needle electrode as cathode by applying negative pulse 
to it. 
To confirm that the optical absorption of the examined liquid does not affect optical 
emission measurements, optical absorption spectroscopy was performed for each liquid used 
in the experiments. For all the liquids, optical transmission was close to 100% at wavelengths 
greater than 300 nm, and transmission rate change was observed in the deep ultraviolet range 
at wavelengths less than 300 nm (Figure 5.2). Wavelengths greater than 300 nm, which were 
not affected by absorption, was used in optical emission spectra for the analysis. In this 
region, the transmission of the optical fibre can be considered constant (Figure 5.2), and it 
was assumed that the optical fibre had no influence on the measured spectra. 
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Figure 5.2. Optical transmission spectra for the 10ASW, DSW and optical fiber. 
In order to cover all microplasma discharge process by OES measurements, triggering 
delays were introduced to the experiments and synchronized to the exposure time of the 
spectroscope, as it was showed in the chapter 3, resulting in accumulation of the optical 
emission during the entire microplasma discharge. 
5.4 Optical emission spectra Pd alloy needle 
Typical current and voltage waveforms for microplasma discharges generated in the 
10ASW and DSW by using a Pd alloy needle electrode as the anode, a 67-µH inductor, and 
a 220-nF capacitor charged to a resulting voltage of 650 V are presented in Figure 5.3. The 
same discharge conditions and similar values of conductivity of 10ASW and DSW resulted 
in the same current and voltage waveforms of microplasma discharges in both cases. The 
discharge process can be divided into three phases: (1) pre-heating phase, (2) microplasma 
discharge, and (3) subsequent oscillation owing to the reversed charge on the capacitor. 
In the pre-heating phase, water in the discharge gap and surrounding the electrodes was 
heated by high electric current, resulting in a rapid boiling and formation of the bubbles. 
Recent research confirmed that microplasma discharge initiates after the formation of 
bubbles that cover the entire discharge gap [17]. Fluctuations in the bubble formation process 
and migration of the bubbles results in a variation of duration of the pre-heating phase in the 
range of 2.5-3.1 µs for 10ASW and 2.5-3.2 µs for DSW. This variation can be explained by 
the different amounts of energy spent on the pre-heating phase, which are 5.51-5.92 mJ for 
10ASW and 5.49-5.95 mJ for DSW (the energy was evaluated from the current and voltage 
waveforms). After the pre-heating phase, the entire discharge gap was filled by vapor and 
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microplasma discharge initiated in the gaseous medium. After breakdown, owing to the 
termination of the electrodes by plasma, the voltage rapidly decreased to 20 V and was 
relatively constant during the entire microplasma discharge phase. On the other hand, after 
the formation of the plasma, the conductivity of the plasma channel was higher than that of 
the water, resulting in the increase of the current to a peak point of 24.5 A with subsequent 
decay until the termination of microplasma discharge. Considering a low voltage, a relatively 
high current during the discharge, and low melting temperatures of both electrodes 
(approximately 1300 K for Pd alloy and 2041 K for Pt, which are less than the temperature 
required for the arc discharge with a hot cathode), the microplasma discharge process can be 
explained by a cold cathode arc scheme in a gaseous medium. The duration of the 
microplasma discharge was mostly determined by the amount of energy in the capacitor and 
inductor at the moment of breakdown. However, it can be noted from Figure 5.3, that the 
termination time of microplasma discharge varied in the range of 21-25 µs, resulting in the 
variation of microplasma discharge duration (17.6-21 µs for 10ASW and DSW) under the 
same conditions. The variation of duration of the pre-heating phase results in the variation 
of energy stored in the capacitor up to 4 mJ; however, this energy difference is not sufficient 
to cause a 4-µs difference in the microplasma discharge duration.  
 
 
Figure 5.3. Voltage and current waveforms of micro-arc discharges 
generated in 10ASW and DSW using Pd alloy needle electrode, 67 µH 
inductor and 220 nF capacitor charged to 650 V. 
Considering that the variation of energy stored in the system at the moment of 
breakdown had no significant influence on the microplasma discharge duration, it can be 
assumed that the instability in duration of the discharge is related to the dynamics of the 
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bubbles, processes in the plasma, and changes in the liquid-gas interface. The instability in 
duration of microplasma discharges resulted in insignificant variations of intensity of 
measured spectra owing to the accumulation of optical emission during the entire discharge. 
Typical optical emission spectra for the microplasma discharge generated in 10ASW 
and DSW by using a Pd alloy needle electrode, 67-µH inductor, and 220-nF capacitor 
charged to a resulting voltage of 650 V are shown in Figure 5.4. It can be noted from the 
spectra that the positions of all observed peaks were the same for micro-arc discharges 
operated in 10ASW and DSW, which implies that the origins of the optical emission peaks 
were the same in both liquids. It was assumed that the optical emission peaks in the spectra 
originated primarily from the materials present in 10ASW and the electrodes.  
For the assignment of emission peaks appearing in the spectra, atomic spectral lines of 
components of 10ASW (Table 3.1) and materials used in the electrodes (elemental 
composition of the Pd alloy is presented in Table 3.2) were compared to the NIST  
database [76]. 
 
 
Figure 5.4. Optical emission spectra of micro-arc discharges generated in 
10ASW and DSW using Pd alloy needle electrode, 67 µH inductor and 220 nF 
capacitor charged to 650 V. 
The similar shape and intensity of the Hα peak for both liquids showed that the plasma 
characteristics (electron density and temperature) were almost the same. Owing to the 
overlapping of the Hb peak with a large number of other emission peaks in the measured 
spectra, the electron densities and temperatures were roughly estimated using only the Ha 
peak. The Ha peak was fitted with a Voight function, and the Voight fitting consisted mostly 
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of the Lorentz component while the Gauss component was negligibly small. Electron density 
can be estimated using fractional widths a1/2, a1/4, and a1/8 from the line centre (where Stark 
profiles have 1/2, 1/4, and 1/8 of their intensities, respectively) and Equation (5.1) [77,78].  NB(HD) = 8.02 × 10%4(∆λ% 4⁄ α% 4⁄⁄ )M 4⁄ 	cm$M (5.1) 
where ∆λ1/2 is the full width at half maximum (FWHM) of the line in Å and α1/2 is the 
fractional width from the line centre, which is a weak function of electron density and 
temperature through the ion-ion correlation and Debye shielding correction. Precise values 
of α1/2 for the Balmer series can be found elsewhere [79]. For determining values missing in 
the table, the tabulated data were interpolated (Figure 5.5). By using Equation (5.1) and the 
values of fractional widths, the electron density and temperature can be estimated to be in 
the range of (3.26±1.05) ´ 1018 cm-3 and 9000-15000 K, respectively. The estimated values 
can be considered typical for the arc discharge (Figure 2.3), which correlates well with the 
assumption that the observed microplasma discharge was arc discharge with a cold cathode. 
 
 
Figure 5.5. Dependency of interpolation of the tabulated fractional widths α1/2 on 
electron temperature for an electron density of N ≈ 10P cm-3  
(the legend shows the values of P). 
In the spectra, peaks for Ag (547.865 nm), Na (588.995 nm), and Hα can be clearly 
detected. On the other hand, a strong peak at 522 nm cannot be clearly assigned owing to 
several possible elements such as Cl (522.136 nm) and Fe (522.235 nm), which have 
emission peaks close to 522 nm. The difference in wavelength between the peaks for Cl and 
Fe is less than the resolution of the spectroscope used. A possible approach for the separation 
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of the emission peaks for materials present in the electrodes and materials present in the 
analysed liquid is the use of optical emission spectra of microplasma discharge in ultrapure 
water as reference. For the generation of microplasma discharges in low-conductivity liquids 
(such as ultrapure water), a different scheme with a high-voltage power supply is required 
because the used pulse current circuit does not work in the case of low-conductivity liquids.  
To identify unassigned peaks [such as the 522-nm peak in Figure 5.4], spectra of 
microplasma discharges generated in reference solutions can be used. In the case of reference 
solutions, microplasma discharges can be reproducibly generated because the reference 
solutions have sufficient conductivities, which are close to the conductivity of sea water. As 
shown in Figure 5.6, for assigning the 522-nm peak, two types of liquids were used as 
reference solutions: solutions containing Cl (CaCl2 and HCl) and solutions without Cl 
(Na2SO4, NaOH, and NaF). In the observed spectra, the emission peak at 522 nm appeared 
in all reference solutions, which confirms that the emission peak originates from a material 
used in the electrodes. This further confirms that the emission peak cannot be assigned to 
Cl (522.136 nm); thus, it can be clearly assigned as Fe (522.235 nm). 
 
 
Figure 5.6. Comparison of optical emission of micro-arc 
discharges generated in 10ASW, DSW and reference solutions 
in the area of emission peak at 522 nm. 
Owing to the complex elemental composition of sea water and materials with a high 
intensity of optical emission used in the Pd alloy needle electrode (Table 3.2), many peaks 
with similar wavelengths appeared for different materials in the range of 350-550 nm. The 
low resolution of the spectroscope used, relatively high noise level, continuum emission, and 
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broadening of peaks make the assigning procedure using only a database of spectral lines 
impossible. In such a condition, one possible approach exists for elemental composition 
analysis – the use of a reference solution, as in the assigning of the Fe (522.235 nm) peak. 
Many other peaks observed in the spectra (Figure 5.4) for Fe (329.581, 339.458, 349.057, 
352.981, 356.537, 370.108, 390.603, and 422.221 nm) were assigned using the reference 
solution method.  
5.5 Optical emission spectra Pt needle 
Typical current and voltage waveforms for microplasma discharges generated in 
10ASW and DSW by using a Pt needle electrode, 67-µH inductor, and 220-nF capacitor 
charged to a resulting voltage of 650 V are shown in Figure 5.7.  
 
 
 
Figure 5.7. Voltage and current waveforms micro-arc discharges 
generated in 10ASW and DSW using Pt needle electrode, 67 µH inductor 
and 220 nF capacitor charged to 650 V. 
The durations of the pre-heating and micro-arc discharge phases for the Pt needle 
electrode case were 2.5-3 µs and 17-22 µs, respectively, which are similar to the Pd alloy 
needle electrode case. The similar current and voltage waveforms between the Pt and Pd 
alloy needle electrode cases can be explained by the same discharge mechanism. However, 
owing to the difference in conductivity (approximately 30 ´ 106 S/cm for Pd alloy and 9.3 ´ 
106 S/cm for Pt) and shape of the electrode tip, an insignificant difference in the current and 
voltage waveforms can be observed. The materials of both the needle electrodes have 
melting temperatures below the temperature required for generating the arc discharge with 
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a hot cathode, resulting in a cold cathode arc process scheme [53]. It can be concluded that 
the use of different materials with low melting temperatures, such as Pt and Pd alloy, for the 
needle electrode does not strongly affect the microplasma discharge process. 
Typical optical emission spectra for the microplasma discharges generated in 10ASW 
and DSW by using a Pt alloy needle electrode, 67-µH inductor, and 220-nF capacitor 
charged to a resulting voltage of 650 V are shown in Figure 5.8. Because the peak positions 
in the spectra measured for both liquids are the same, the emission spectra originated mostly 
from materials present in 10ASW and the electrodes. 
 
 
Figure 5.8. Optical emission spectra of micro-arc discharges generated in 10ASW and 
DSW using Pt needle electrode, 67 µH inductor and 220 nF capacitor charged to 650 V. 
In the case of a Pt needle electrode, only peaks for Na (588.99 nm), Hα, and Hβ can be 
clearly assigned. For identifying the other peaks shown in Figure 5.8 [Cl (383.335 nm), 
K (394,253 nm), Pt (394.840 nm), Na (451.047, 459.907, 466.855 and 548.590 nm) and 
Br (549.506 nm)], the approach of using reference solutions was applied. A significant 
difference in the optical emission spectra can be observed in comparison to the Pd alloy 
needle electrode case. Owing to the decrease of the number of emission peaks compared to 
the Pd alloy needle electrode case, the Hβ peak could be clearly assigned. 
The Hβ peak observed in the spectra allowed the precise estimation of electron 
temperature by using the integrated intensity ratio of Hα and Hβ peaks, as expressed in 
Equation (5.2) [77] 
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𝑘𝑇Q = (𝐸S − 𝐸U)𝑙𝑛 X𝐴U𝑔U𝜆S𝑖S𝐾S𝐴S𝑔S𝜆U𝑖U𝐾U^ (5.2) 
where in,m are spectrally integrated emission line intensities given by Equation (5.3) [77] 
𝑖S,U = _ 𝐼S,U(𝜔)𝑑𝜔 (5.3) 
Considering an accuracy of ±10% of the method, electron temperature can be estimated 
in the range of 12300 ± 1230 K. By using Equation 5.1 and fractional width for the estimated 
electron temperature, electron density can be estimated in the range of 
(2.87 ± 0.91) ´ 1018 cm-3. 
The estimated electron density for the Pt needle electrode case was in the range of 
typical values for arc discharge (Figure 2.3), and in the same manner as for the Pd alloy 
needle electrode case, it can be concluded that the microplasma discharge process follows a 
cold cathode arc discharge scheme owing to the low melting temperature of Pt [53].  
It can be noted that the use of different materials for the needle electrode causes 
significant changes in the measured optical emission spectrum. In the case of the Pd alloy 
needle electrode, mostly elements from the needle electrode were observed in the spectra 
owing to the high number of components with strong optical emission in the alloy. In contrast, 
Pt shows relatively low optical emission, which results in the observation of emission peaks 
mostly from the elements present in the sea water (Table 3.1). 
5.6 Optical emission spectra W needle 
Current and voltage waveforms for five consistent micro-arc discharges generated in 
10ASW operated using W needle electrode as anode, 67 µH indictor, and 220 nF capacitor 
charged to resulting voltage of 650 V are presented in Figure 5.9. The durations of the pre-
heating and microplasma discharge phases for the W needle electrode case were 2.5-4 µs 
and 12-22 µs, respectively. Compared to the Pd alloy and Pt needle electrode cases, the use 
of the W needle electrode as the anode has a significant impact on the reproducibility of 
experiments. A large variation in the durations of pre-heating and micro-arc discharge phases 
causes poor reproducibility of the measured optical emission spectra, resulting in problems 
with averaging and a high noise ratio.  
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Figure 5.9. Voltage and current waveforms for five micro-arc discharges generated in 
10ASW using W needle electrode as anode, 67µH inductor and 220 nF capacitor 
charged to 650 V. 
Moreover, the use of the W needle electrode and 150-µH inductor allows the occasional 
generation of a second microplasma discharge during the subsequent negative oscillation 
phase. Current and voltage waveforms for micro-arc discharges generated in 10ASW by 
using a W needle electrode as the anode; 150-µH inductor; and 47-, 100-, and 220-nF 
capacitors charged to a resulting voltage of 650 V are shown in Figure 5.10. It could be 
observed that micro-arc discharges were generated during the negative oscillation for all 
values of capacitance, even in the case of the 47-nF capacitor. The possibility of generation 
of a second micro-arc discharge with the use of a small capacitance (47 nF) shows that the 
appearance of the second discharge does not strongly depend on the energy stored in the 
capacitor at the beginning of the process. The phenomenon of the second micro-arc discharge 
could be explained by the arc discharge with the hot cathode mechanism. The first arc 
discharge causes strong heating of the W needle electrode because of the high melting 
temperature of W. Considering a relatively small delay between the first and second 
microplasma discharges (4-8 µs), at the moment of initiation of the second discharge, the 
temperature of the needle electrode remained sufficiently high for thermal electron emission. 
At the beginning of the process, the needle electrode functioned as the anode; however, at 
the negative oscillation, it changed to the cathode, and owing to the high temperature of the 
needle electrode, it was possible to initiate the second micro-arc discharge with the hot 
cathode mechanism. 
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Figure 5.10. Voltage and current waveforms for micro-arc discharges generated in 
10ASW using W needle electrode as anode, 150 µH inductance and 47, 100, 220 nF 
capacitors charged to 650 V. 
To confirm this hypothesis, micro-arc discharges were generated in 10ASW using a W 
needle electrode as the cathode by applying a negative current pulse. Current and voltage 
waveforms for the arc discharge generated in 10ASW by using a W needle electrode as the 
cathode, 67-µH inductor, and 220-nF capacitor charged to a resulting voltage of 150 V are 
shown in Figure 5.11. 
 
 
Figure 5.11. Voltage and current waveforms for micro-arc discharge 
generated in 10ASW using W needle electrode as cathode, 67µH 
inductor and 220 nF capacitor charged to 150 V. 
-200
0
200
400
600
Vo
lta
ge
 (V
)
47 nF
100 nF
220 nF
Second 
micro-arc 
discharge 
Second 
micro-arc 
discharge
0 5 10 15 20 25 30 35 40 45
Time (µs)
-10
0
10
20
30
40
C
ur
re
nt
 (A
) Second 
microplasma 
discharge
0 10 20 30 40
Time (µs)
-100
-75
-50
-25
0
25
Vo
lta
ge
 (V
)
-4
-3
-2
-1
0
1
C
ur
re
nt
 (A
)
Voltage
Current
Micro-arc discharge
 56 
It could be observed that, in the case of the W needle electrode functioning as the 
cathode, micro-arc discharges could be generated at low breakdown voltages (less than 
100 V), which is similar to the breakdown voltages for the second micro-arc discharge 
during negative oscillation. On the other hand, in the case of the W needle electrode 
functioning as the anode, no microplasma discharge was generated under the same 
conditions (67-µH inductor and 220-nF capacitor charged to a resulting voltage of 150 V), 
for the generation of the microplasma discharge, it was necessary to charge the capacitor to 
a resulting voltage greater than 580 V, which could be explained by the different mechanisms 
of the cold cathode arc comparing to the previous case. Moreover, the second micro-arc 
discharge was not observed in the cases of the Pd alloy and Pt needle electrodes owing to 
the insufficient melting temperatures of Pd alloy and Pt, which correlates with the hypothesis 
that the second discharge during negative oscillation is arc discharge with the hot cathode 
mechanism. The second micro-arc discharge was unstable owing to the insufficient energy 
stored at the capacitor as well as low current and voltage values at the moment of discharge. 
Poor reproducibility of the microplasma discharges generated using the W needle electrode 
as the anode and the occasional generation of the second micro-arc discharge resulted in 
irreproducible measured optical emission spectra, which limits the application of 
microplasma discharges generated using a W needle electrode as the anode, especially for 
elemental composition analysis. 
Typical optical emission spectra for the microplasma discharges generated in 10ASW 
using a W needle electrode as the anode, 67-µH inductor, and 220-nF capacitor charged to 
a voltage of 650 V are shown in Figure 5.12.  
 
 
Figure 5.12. Optical emission spectra of microplasma discharge operated using W 
needle electrode as anode, 67µH inductor and 220 nF capacitor charged to 650 V. 
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Because the noise level is comparable to the intensity of emission peaks and the 
reproducibility of measured spectra is poor, only the most intense emission peaks for Hα, 
Na, and W were assigned. 
To prevent the second microplasma discharge during the negative oscillation, the W 
needle electrode was originally used as the cathode by applying a negative voltage. Typical 
current and voltage waveforms for microplasma discharges generated in 10ASW using a W 
needle electrode as the cathode, 150-µH inductor, and variable capacitors (47, 100, and 
220 nF) charged to a voltage of 650 V are shown in Figure 5.13.  
 
 
 
Figure 5.13. Voltage and current waveforms for micro-arc discharges generated in 
10ASW using a W needle electrode as cathode; 150-µH inductor; and 47-, 100-, 
and 220-nF capacitors charged to 650 V 
In this case, during the oscillation subsequent to termination of the first microplasma 
discharge, the high-temperature W needle electrode functioned as the anode owing to the 
reversed voltage, when the cathode was a Pt plate, which prevented the second micro-arc 
discharge with the hot cathode mechanism. Moreover, the use of the needle electrode as the 
cathode allows the generation of highly reproducible microplasma discharges owing to the 
arc discharge with the hot cathode mechanism, which positively impacts the optical emission 
measurements and allows precise analysis of the peaks of emission spectra. On the other 
hand, because the melting temperatures of Pt and Pd alloy are less than that of W (3695 K 
for W), the present method is not applicable to the previous cases and is limited to the case 
of needle electrodes with materials having a sufficient melting temperature for generating 
the hot-cathode arc discharge. 
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Typical optical emission spectra for microplasma discharge generated in 10ASW and 
DSW by using a W needle electrode, 67-µH inductor, and 220-nF capacitor charged to 650 V 
are shown in Figure 5.14. Because of the same peak positions in the spectra measured for 
both liquids, it can be assumed that the emission spectra originated primarily from materials 
present in 10ASW and the electrodes. In the observed spectra, peaks for Hα, Hβ, and 
Na (588.99 nm) can be clearly detected. Because the microplasma discharge was more stable 
than in the previous cases, it was possible to observe the O (777.194 nm) peak. However, 
there were several emission peaks, which required the use of reference solutions to be 
assigned. By using spectra of discharges in the reference solutions, the emission peaks can 
be assigned as W (382.011, 387.386, 392.436, and 397.547 nm). As expected, owing to the 
relatively high optical emission of W, peaks for W were dominant in the measured spectra. 
 
 
Figure 5.14. Optical emission spectra of micro-arc discharges generated in 
10ASW and DSW using a W needle electrode as cathode, 67-µH inductor, and 
220-nF capacitor charged to 650 V. 
By using the same approach as for the Pt needle electrode case, the electron density and 
temperature can be estimated to be in the range of (1.86 ± 0.84) ´ 1018 cm-3 and 
11800 ± 1180 K, respectively. The estimated electron temperature and density for the W 
needle electrode case are in the range of typical values for arc discharge (Figure 2.3). 
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5.7 Comparison of OES with different needles 
Comparing all the presented spectra of microplasma discharges generated using Pd alloy, 
Pt, and W needle electrodes, significant differences among the spectra can be noted and 
related to the materials of the used electrodes. 
The comparison of optical emission spectroscopy (OES) spectra of discharges generated 
using electrodes based on various materials can be used for the identification of emission 
peaks, in addition to the comparison of the spectra of reference solutions with the spectra of 
the liquid to be examined. In the experiments, two emission peaks were observed at 
wavelengths close to 406 and 533 nm. Moreover, these peaks appeared in all measured OES 
spectra for microplasmas generated using any of the three available needle electrodes (Pd 
alloy, Pt, and W) and in all used liquids (10ASW, DSW, and reference solutions). It can be 
concluded that the emission peaks originated from elements present in all the conducted 
experiments. A possible origin of the peaks can be the Pt from the plate electrode or pure 
water, which were present in all experiments. However, only oxygen has emission peaks at 
wavelengths close to those of the observed peaks; therefore, it can be considered that the 
peaks are O 406.059 nm and O 532.91 nm. 
The observed results showed that, for the elemental composition analysis of sea water, 
it is necessary to choose electrode materials with low optical emission to avoid peaks of the 
electrode materials in the measured optical spectra. Moreover, owing to the high chemical 
activity of sea water, materials used in the electrodes should be chemically stable. 
Considering these two criteria, the most promising electrode material for the elemental 
composition analysis of sea water is Pt owing to its relatively low optical emission and 
chemical stability. 
On the other hand, the optical spectra of microplasma generated using the Pd alloy and 
W needle electrodes show the possibility of identification of metals from the electrodes, even 
in small concentrations (0.02% of Fe in the Pd alloy needle), which makes the introduced 
method applicable for the detection of metals with high optical emission (such as rare-earth 
and rare metals) in sea water. Moreover, measurements were conducted using a simple 
spectroscopy setup, which is promising for the development of a compact analytical tool for 
on-site measurements. The proposed method can potentially be applied for the exploration 
of underwater metal deposits owing to the higher concentration of metal ions in the sea water 
close to the deposits. However, for analysis of concentrations, further improvement in 
plasma stability and the optical emission measurement system is required. 
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5.8 Detection of Fe in sea water 
Typical current and voltage waveforms for micro-arc discharges in 10ASW operated 
using 220 and 440 nF capacitors charged to 750 V (all other conditions were the same) are 
shown in Figures 5.15 (a) and (b), respectively. One of the important requirements for the 
application of micro-arcs in OES measurements and elemental composition analysis is the 
control of discharge duration and optical emission intensity. From the current and voltage 
waveforms of discharges operated using 220 and 440 nF capacitors, it can be noted that 
capacitance has a strong effect on discharge duration. This effect can be explained by the 
amount of energy stored in the capacitor at the start of the microplasma discharge. In the 
case the of the 440 nF capacitor, compared with that of 220 nF, a larger amount of energy 
stored in the capacitor at the end of the pre-heating phase enabled the increase in the duration 
of the micro-arc discharge from 10 to 15 µs and peak current from 12 to 21 A.  
 
 
(a) 
 
(b) 
Figure 5.15. Typical current and voltage waveforms for micro-arc discharges 
operated in 10ASW using (a) 220 nF capacitor and (b) 440 nF capacitor. 
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From the emission spectra, as shown in Figure 5.16, it can be observed that the duration 
of the microplasma discharge and peak current causes significant differences in the measured 
optical emission spectra. In the case of the 220 nF capacitor, the duration of the microplasma 
discharge and peak current were 10 µs and 12 A, respectively, and, as a result, only four 
peaks (Hα, Hβ, Na, and O) with relatively low intensity are observed in the spectrum. For 
assigning the emission peaks, the NIST atomic spectra line database was used [76].  
 
 
Figure 5.16. Comparison of optical emission spectra of discharges operated using 
220 nF and 440 nF capacitors. 
However, in the case of the 440 nF capacitor, the discharge duration and peak current 
were increased to 16 µs and 21 A, respectively, resulting in a significant increase in emission 
intensity. The intensity of the dominant peaks exceeded the saturation level of the CCD 
detector of the spectrometer. The wavelength dependence of sensitivity was calibrated, 
resulting in the curvature of saturation level. In addition, new emission peaks appeared, 
which were not detected previously. It is challenging to assign emission peaks in the region 
below 750 nm owing to the intensity of continuum emission, occasional saturation, 
significant noise, and numerous emission peaks from W and sea water. In the region greater 
than 750 nm, however, because of the longer duration of discharge with higher intensity 
when using the 440 nF capacitor, it becomes possible to observe some sharp emission peaks. 
Those peaks are not affected by continuum emission nor surrounded by a large number of 
very close emission peaks, which could be used for elemental analysis. 
The optical emission spectra for microplasma discharges in 10ASW and a mixture of 
10ASW with the standard Fe solution (the resulting concentration of Fe was 500 ppm) are 
shown in Figure 5.17 (a).  
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(a) 
 
(b) 
Figure 5.17. Comparison of (a) optical emission spectra and (b) current and 
voltage waveforms for discharges operated in 10ASW and mixture of 10ASW and 
standard Fe solution. 
It can be observed that in the case of the solution with Fe, an additional peak appeared 
in the spectrum at 823 nm, which was not observed in 10ASW. A small difference can be 
observed in the current and voltage waveforms [Figure 5.17 (b)] between these discharges. 
It can be assumed that the difference in discharge characteristic is related to an insignificant 
change in electrical conductivity upon the addition of Fe solution to 10ASW. Despite the 
small difference in discharge duration, the total energy delivered to the microplasma may be 
considered approximately the same owing to the small amount of current remaining at the 
end of the discharge. Moreover, similar shapes of the Hα and Hβ emission peaks confirm 
approximately the same plasma parameters for micro-arcs generated in 10ASW and the 
mixture of 10ASW and a Fe solution. Considering these similar plasma parameters, it can 
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be concluded that the emission peak at 823 nm originates from Fe in the solution and can be 
assigned as Fe [823.716 nm, transition from level 3d6(5D)5s to level 3d6(5D)5p]. 
To examine the detection limit of Fe concentration in the present system, discharges 
were operated in the mixtures of 10ASW and standard Fe solutions of different 
concentrations (200, 300, 500, and 1000 ppm of Fe). The enlarged spectra for the solutions 
with different concentrations of Fe are shown in Figure 5.18 (a). Moreover, to confirm the 
assignment of the emission peak at 819 nm, the emission spectra of the NaCl reference 
solution is added to Figure 5.18 (a) as an example.  
 
  
      (a)        (b) 
Figure 5.18. Optical emission spectra of micro-arc discharges generated in (a) 
solutions with various concentrations of Fe for defining detection limit and (b) 
reference solutions for assignment emission peaks. 
Considering the observation that the emission peak at 819 nm appeared only in solutions 
that contained Na, the peak can clearly be assigned to Na (819.482 nm). For the comparison 
of OES measurements at different Fe concentrations, owing to some instabilities of 
discharges with variation of the measured optical emission intensity, the similarity of clearly 
identified peaks, such as Na (819.482 nm), Hα, and Hβ, was confirmed. In the spectra, a 
strong correlation of the Fe emission peak (823.716 nm) intensity with the Fe concentration 
in solutions was observed. The Fe emission intensity was maximum in the standard Fe 
solution (1000 ppm) without 10ASW. The Fe emission intensity gradually decreased with 
decreasing concentration of Fe from 500 to 300 ppm. However, it can be noted that the Fe 
peak intensity was not proportional to the concentration of Fe. Despite choosing spectra with 
similar intensities and shapes of well-assigned peaks, it was challenging to find spectra with 
exactly the same intensity of all emission peaks except for Fe. This noted problem causes 
variations of the intensity of the Fe emission peak, which makes concentration analysis 
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challenging and limits the present setup to impurity detection applications. With the decrease 
in the concentration of Fe to 200 ppm, there was no significant Fe peak appearing at the 
wavelength close to 823.716 nm. The emission peak for Fe at a concentration of 200 ppm 
was comparable to the noise level in this experiment. It can be concluded that the detection 
limit of Fe in sea water when using this experimental configuration is 300 ppm. 
Additionally, by using the same approach as that for the Na emission peak, unidentified 
peaks at 767 and 771 nm could be assigned to K, owing to the observation that the emission 
peaks appeared only in the solutions containing K (10ASW, KCl) but not in the other 
solutions (MgCl2, NaCl), as shown in Figure 5.18 (b). 
The proposed method can be used for the on-site detection of metals (such as Fe or rare 
metals) or other elements with high optical emission in sea water. It is possible to conduct 
the measurements with a simple spectroscopy setup, which appears applicable to the design 
of a compact system for onsite measurements. The proposed method can be potentially 
applied to the exploration of underwater metal deposits, because of the higher concentrations 
of metal ions in water close to the deposits. For precise concentration analysis, however, 
further improvements of plasma stability (electrode system and discharge circuit) and the 
optical emission measurement system (reducing the signal-to-noise ratio, improving the 
focusing system, use of a spectroscope with a higher resolution, time-resolved spectroscopy) 
are required. 
5.9 Conclusions 
In this study, we performed the elemental composition analysis of sea water using the 
optical emission spectroscopy of micro-arc discharges. For that purpose, we investigated 
micro-arc discharges generated in 10ASW and DSW by using various experimental setups. 
By analysing the optical emission spectra, we confirmed that the presented setup and 
experimental conditions allow the generation of micro-arc discharges with a cold or hot 
cathode (depending on the electrode materials) in highly conductive sea water. Moreover, 
the generation of micro-arc discharges was confirmed by estimation of electron temperatures 
and densities for discharges generated under various conditions. The use of needle electrodes 
with a high melting temperature (such as W) resulted in the change of discharge mechanism 
and problems with the reproducibility of measurements (owing to the appearance of the 
second unstable micro-arc discharge with the hot cathode mechanism), which can be solved 
using a needle electrode as the cathode from the beginning of the process. 
For the analysis of the optical emission spectra and identification of emission peaks, the 
optical emission spectra of reference solutions were used. It was confirmed that, by using 
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the reference solution method, elemental analysis can be performed using a simple 
spectroscopy setup, which suggests that the presented approach is promising for the 
development of compact analytical tools. In the observed spectra, emission peaks for sea-
water elements (H, O, Na, Cl, K, and Br) and electrode materials (Ag, Fe, W, and Pt) were 
clearly assigned. An emission peak corresponding to the incorporated Fe was successfully 
and clearly identified in the emission spectra. The intensity of the Fe peak increased with 
increasing Fe concentration. The detection limit in this experiment was 300 ppm.  
Atomic emission spectroscopy was successfully applied to the elemental composition 
analysis, which demonstrates the potential of the proposed method for the on-site analysis 
of water recourses and the exploration of underwater deposits of metals and other substances. 
The proposed method potentially enables the design of a compact device for on-site 
elemental composition analysis of sea water owing to its simple experimental setup and 
small power supply. 
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Chapter 6. Micro-arc discharge in sea water at high pressure 
6.1 Introduction 
One of the promising methods to identify elemental composition of water is a spectral 
analysis of different types of plasmas generated in examined liquid. Recent research shows 
that it is possible to generate microplasma discharges in highly-conductive liquids using low 
voltages and compact setup. Moreover, use of micro-arc discharges looks promising for 
analysis of deep-sea water due to increase of optical emission intensity from the arc with 
increase of pressure. This work is the first challenge to generate micro-arc discharges in 
highly conductive and highly pressurized sea water for demonstration of on-site operation 
in deep-sea. It has been confirmed, in our previous studies, the micro-arc discharge process 
in highly conductive sea water is separated in three phases; pre-heating, micro-arc discharge 
and subsequent oscillation. Bubble formation during pre-heating phase plays key role in the 
ignition process for generation of micro-arc discharge in sea water at atmospheric pressure. 
The increase of pressure could have difficulty of bubble formation with resulting in poor 
reproducibility It is necessary to confirm that micro-arc discharges can be operated even at 
such a high pressure as deep sea. 
6.2 Objective 
In this part of the research, investigation of micro-arc discharges generated in highly-
conductive sea water at high pressure will be presented. For that purpose, effect of the 
experimental conditions (electrode system, pressure, circuit parameters) on the discharge 
process was studied; moreover, reproducibility of generation of micro-arc discharges at high 
pressure was confirmed. For generation of micro-arc discharges at high pressure, high 
pressure chamber and two types of electrode systems were developed. Micro-arc discharges 
were successfully generated in highly conductive sea water at high pressure using same 
impulse current generator as for the atmospheric pressure case. Moreover, results measured 
for high pressure were compared to the atmospheric pressure case. 
6.3 Experimental and methods 
A schematic of the experimental setup is presented in Figure 6.1. Discharges were 
operated inside a high-pressure chamber using pulse current source. Pressure was sustained 
by high pressure pump (FLOM, Inc., Dual pump KP-22-01) and controlled by valve in a 
range of 0.1-19 MPa. The pulse current source, consisting of a capacitor (C = 440, 660 nF), 
inductor (L = 67, 100, 150 µH) and MOSFET switch was used to supply the discharge. The 
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capacitor was charged through a resistor by a regulated DC power supply to resulting voltage 
of 650-800 V.  
 
 
Figure 6.1. Experimental setup for generation of micro-arc discharges at high pressure. 
In present experiments, discharges were operated in 10ASW using two types of 
electrodes, which were introduced inside the chamber. Schematic of two types of electrode 
systems are presented in Figure 6.2. In the case of pin-to-pin electrode system, two needle 
electrodes (NPS Inc. P26-10-20 × 1") were placed facing to each other with fixed gap of 
150 µm. To reduce current trough the surrounding liquid, sides of the needle electrodes were 
insulated and only tip with length of 0.3 mm remained open. In the case of rod-to-rod 
electrodes, two pieces of stainless steel wire (Nilaco Company SUS304, 0.5 mm in diameter) 
were placed parallel with the gap of 150 µm. To avoid current through the surrounding liquid, 
most of side faces were insulated as it shown in Figure 6.2 resulting in width of the discharge 
gap of 1 mm. 
 
  
(a) (b) 
Figure 6.2. Schematic of (a) pin-to-pin and (b) rod-to-rod electrode systems. 
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6.4 Generation of micro-arc discharge using pin-to-pin electrodes 
Voltage waveforms for microplasma discharges generated in 10ASW using 150 µH 
inductor, 440 nF capacitor charged to voltages in a range of 650-800 V and various pressure 
in a range from atmospheric (0.1 MPa) to 17.5MPa are shown in Figure 6.3. 
 
 
Figure 6.3 Voltage waveforms for microplasma discharges generated using 150 µH 
inductor, 440 nF capacitor, and various values of charging voltage of capacitor and 
pressure 
By using the pin-to-pin electrode system, micro-arc discharges were successfully 
generated in highly conductive sea water even at high pressures up to 17.5 MPa which was 
equal to 1.75 km in depth for the first time. It could be observed that discharge process for 
the case of high pressure follows the same scheme as for the atmospheric pressure case: pre-
heating phase, micro-arc discharge and subsequent oscillation. It was confirmed that pre-
heating phase is paying the key role in the discharge process also at high pressure. From 
voltage waveforms, it could be observed that micro-arc discharges could be generated in a 
range of pressure from 0.1 to 5 MPa using the capacitor charged to 650 V. However, increase 
of pressure results in increase of duration of pre-heating phase from 5 µs for atmospheric 
pressure to 7 µs for 5 MPa. Moreover, for generation of micro-arc discharge at higher 
pressure, it was necessary to charge the capacitor to 700 V for 10-15 MPa case and to 800 V 
for 17.5 MPa.  
These results clearly show that, for generation of micro-arc discharge at high pressure, 
it is necessary to deliver more energy during pre-heating phase. However, it was not possible 
to perform statistical measurements using the pin-to-pin electrode system due to erosion of 
the electrodes. For studying effects of pressure on the pre-heating energy, it is necessary to 
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perform repeating measurements in the same conditions with variation of pressure. For 
experiments in the high pressure discharge chamber, electrodes were installed with a fixed 
gap without manipulation. The erosion of the needle electrodes, which was precisely 
discussed in chapter 4.6 (figure 4.12 (a)), resulted in increase of discharge gap. The 
increasing of the discharge gap limits the number of discharges possible to repeat using the 
same electrodes to 30-50 times depending on the conditions. By considering the problems 
of reproducibility using the pin-to-pin electrode system, precise study of effect of pressure 
on the pre-heating energy is quite difficult. 
6.5 Generation of micro-arc discharge using rod-to-rod electrodes 
The problem of erosion of needle electrodes could be solved using the rod-to-rod 
electrode system, as it shown on Figure 6.2 (b). Two rod electrodes are placed parallel with 
micro-gap and discharge is generated in the gap. Usage of the rod-to-rod electrode system 
significantly increases the facing surface of the electrodes in the gap, which allows the 
discharge to compensate damage caused by erosion. Even if a part of the electrode was 
locally damaged by arc, the configuration of whole the electrode system was almost same as 
before. The next discharge will be generated in another place of the discharge gap where 
electrodes remain not damaged. Moreover, due to larger size of the electrodes, comparing to 
the pin-to-pin case, heat transfer from the electrode surface to the bulk reduces damage 
caused by the high current. In the case of rod-to-rod electrode system, volume of the 
discharge gap was increased significantly comparing to the pin-to-pin electrodes with 
resulting in increase of energy required for pre-heating phase. To generate reproducible 
discharges at high pressure up to 19 MPa using the rod-to-rod electrode system, it was 
necessary to use 660 nF capacitor which was 33% larger than that in the pin-to-pin electrodes 
case charged to 750 V.  
Current and voltage waveforms for three discharges generated in 10ASW at 19 MPa 
pressure using 150 µH inductor and 660 nF capacitor charged to 750 V are shown in 
Figure 6.4. Rod-to-rod electrode system allows us to generate reproducible micro-arc 
discharges even at high pressure up to 19 MPa which is equal to 1.9 km depth. It was found 
that duration of pre-heating phase could be change with pressure. Difference in duration of 
pre-heating phase could be explained by fluctuations in bubble formation process and 
dynamics of the bubbles in the discharge gap. 
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Figure 6.4 Current and voltage waveforms for three discharges generated in 10ASW at 
19 MPa pressure using 150 µH inductor and 660 nF capacitor charged to 750 V. 
To study effect of pressure on the energy required for pre-heating phase, discharges 
were generated at pressure in a range of 0.1-19 MPa using the same discharge conditions 
(150 µH inductor, 660 nF capacitor charged to 750 V, and same rod-to-rod electrode system 
with 150 µm discharge gap). Dependency of the energy consumed during pre-heating phase 
on the pressure is shown in Figure 6.5. 
 
 
Figure 6.5 Effect of pressure on amount of energy consumed during pre-heating phase 
The pre-heating energy was evaluated from current and voltage waveforms. In 
Figure 6.5, the plots of energy for each discharge condition were averages for three times of 
repeating discharges. The error bars represent instability of duration of pre-heating phase 
which was discussed above. It can be clearly observed that energy consumption during pre-
heating phase is increasing with increase of pressure. The pre-heating energy for generation 
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of discharge at atmospheric pressure was 5.5 µJ and that at 19 MPa was 36 µJ, and which 
was almost 7 times higher. A trend of increasing pre-heating energy with increase of pressure 
becomes clear while there is no clear explanation at this point for almost same energy during 
the range of pressure from 5 to 15 MPa. 
6.6 Conclusions 
Micro-arc discharges generated in sea water at high pressure were investigated. For 
generation of micro-arc discharges, electrodes were introduced into a high pressure chamber 
and discharges were generated by the same pulse current source as for atmospheric pressure 
case. Using a pin-to-pin electrodes system, micro-arc discharges were successfully generated 
in highly conductive sea water even at high pressures up to 17.5 MPa for the first time. 
Analysis of current and voltage waveform shows that process of generation of micro-arc 
discharge at high pressures is same to the atmospheric pressure case and that the process can 
be divided into three phases; pre-heating, micro-arc discharge and subsequent oscillation. 
Energy consumption on pre-heating phase was increasing with increase of pressure. The 
usage of pin-to-pin electrode system allowed us to generate micro-arc discharges at high 
pressure using relatively small amount of energy comparing to other types of discharges, due 
to strong electric field focusing between the electrodes with small volume of sea water owing 
to the insulation of side faces of needle electrodes. Erosion of the electrodes caused by high 
current during the discharge limits number of discharges times reproducibly generated using 
the same electrodes below 30. To overcome this disadvantage, a rod-to-rod electrode system 
was developed. In the case of rod-to-rod electrode system, due to increase of the surface of 
the electrodes, erosion caused by high current does not have significant impact on the 
reproducibility of the next discharge. In the case of rod-to-rod electrode system, volume of 
the discharge gap was increased with resulting in increase of power consumption by 30% by 
comparing to the pin-to-pin electrode system. By using the rod-to-rod electrode system, it 
was possible to generate reproducible micro-arc discharges at high pressures up to 19 MPa; 
moreover, due to improved durability of the electrodes, it was possible to make analysis of 
effect of pressure on the power consumption during pre-heating phase. It has been confirmed 
that the increase of pressure results in increase of power required for pre-heating phase. The 
evaluated pre-heating enargy n the case of 19 MPa was almost seven times higher than that 
for the atmospheric pressure case.   
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Chapter 7. Summary 
In the study, systematic analysis of the micro-arc discharge in sea water and optical 
emission spectra of the plasma was presented in order to develop compact device for on-site 
measurements. 
Micro-arc discharge was successfully generated in highly conductive sea water by 
applying pulse currents to the needle-to-plane electrodes placed with micro-gap. A custom-
made pulse current source with tunable electric parameters was developed to supply the 
discharge. The microplasma was sustained by the cathode arc mechanism and the breakdown 
was induced not only by any critical voltage but by sufficient pre-heating energy. After 
optimization, the micro-arc plasma was ignited at 130 V, the minimum energy for pre-
heating of sea water was 0.8 mJ and the minimum energy for the micro-arc plasma was 
0.1 mJ. Two types of insulation of needle electrode were used to study the bubble formation 
process. The complete insulation of the side wall of needle electrode was successfully 
achieved by the PTFE spray coating. By using needle electrodes insulated by PTFE spray, it 
was confirmed that microplasma was initiated after bubble formation. It was clarified that 
the discharge occurs after filling the entire discharge gap with vaporized water. By using 
heat-shrinking tubing insulation on the side faces of needles, the current flow through the 
surrounding water was diminished with resulting in reduction of pre-heating energy, 
decrease of charging voltage required for ignition and/or increase of discharge duration.   
Mathematical model of pre-heating phase was developed for investigation of the effect 
of shape of the needle electrodes tip on micro-arc generation process. Mathematical 
modelling results showed good agreement with experimental data. It has been confirmed 
from the results of the simulation that the shape of tip affected only on local process in the 
discharge gap and had no effect on current and voltage waveforms during the pre-heating 
phase. It was also confirmed that there was no effect of the needle electrode’s tip shape on 
optical emission and electrodes could be successfully reused for repeating measurements. 
For usage of damaged needle electrodes repeatedly, however, it is necessary to strictly align 
the optical system including focusing lens. 
The elemental composition analysis of sea water using the optical emission 
spectroscopy of micro-arc discharges was performed. For that purpose, micro-arc discharges 
generated in 10ASW and DSW by using various experimental setups were investigated. By 
analysing the optical emission spectra, it was confirmed that the presented setup and 
experimental conditions allow the generation of micro-arc discharges with a cold or hot 
cathode (depending on the electrode materials) in highly conductive sea water. The electron 
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temperatures and densities in the micro-arc plasma were estimated by analysis on Hydrogen 
atomic emission peaks under various conditions. The use of needle electrodes with a high 
melting temperature (such as W) resulted in the change of discharge mechanism and 
problems with the reproducibility of measurements (owing to the appearance of the second 
unstable micro-arc discharge with the hot cathode mechanism), which can be solved using a 
needle electrode as the cathode from the beginning of the process. 
For the analysis of the optical emission spectra and identification of emission peaks, the 
optical emission spectra of reference solutions were investigated. It has been confirmed that. 
by using the reference solution method, elemental composition analysis can be performed 
using the simple spectroscopy setup, which suggests that the presented approach is 
promising for the development of compact analytical tools. In the observed spectra, emission 
peaks for sea water elements (H, O, Na, Cl, K, and Br) and electrode materials (Ag, Fe, W, 
and Pt) were clearly assigned. It has been succeeded to detect 300 ppm of Fe ions 
intentionally added into 10ASW by the atomic emission spectroscopy.  This study 
demonstrated the potential of the proposed method for the on-site analysis of water recourses 
and the exploration of underwater deposits of metals and other substances. 
Micro-arc discharges generated in sea water at high pressure were investigated. For 
generation of micro-arc discharges in pressurized sea water, electrodes were introduced in a 
high pressure chamber and discharge was generated by the same pulse current source as for 
atmospheric pressure case. Using pin-to-pin electrodes system, micro-arc discharges were 
successfully generated in highly conductive sea water even at high pressures up to 17.5 MPa 
for the first time. Analysis of current and voltage waveforms showed that the process of 
generation of micro-arc discharge at high pressure was same as that of the atmospheric 
pressure case and could be divided into the three phases consisting of pre-heating, micro-arc 
discharge and subsequent oscillation. The power consumption in pre-heating phase was 
increased with increase of pressure. By using pin-to-pin electrode system, micro-arc 
discharges were generated at high pressure with relatively small amounts of energy as 
compared to other types of discharges due to strong electric field focusing between the 
electrodes with small volume of water in the discharge gap owing to the insulation of the 
needle electrodes side faces. The erosion of electrodes caused by high current during the 
discharge limits number of discharges times which could be reproducibly and repeatedly 
generated using the same electrodes to 30 times. To overcome this disadvantage, a rod-to-
rod electrode system was developed. In the case of rod-to-rod electrode system consisting of 
2 parallel metal rods, due to increase of the surface of the facing electrodes, possible erosion 
caused by high current does not have significant impact on the reproducibility of the next 
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discharges. In the case of rod-to-rod electrode system, volume of the water in the discharge 
gap was increased with resulting in increase of power consumption by 30% as compared to 
the pin-to-pin electrode system. By using the rod-to-rod electrode system, it was enabled to 
generate reproducible micro-arc discharges at high pressures up to 19 MPa for many times 
due to improved durability of the electrodes. Effects of pressure on the power consumption 
during pre-heating phase has been successfully analyzed. It has been confirmed that increase 
of pressure results in increase of power required for pre-heating phase. The pre-heating 
energy for ignition of micro-arc discharge increased by 7 times at 19 MPa as compared to 
the atmospheric pressure. 
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